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INTRODUCTION 


Two  things  are  expected  of  a  lecturer  who  undertakes 
a  course  of  Christmas  lectures  at  the  Royal  Institution. 
In  the  first  place  his  discourses  must  be  illustrated  to 
the  utmost  extent  by  experiments.  In  the  second, 
however  simple  the  language  in  which  scientific  facts 
and  principles  are  described,  every  discourse  ^w^t 
sound  at  least  some  note  of  modernity,  musl  J2?fi  ect 
some  wave  of  recent  progress  in  science. 

So  in  undertaking  a  course  of  lectun^Q^Optics  the 
lecturer  in  the  present  instance  vent^nVer  to  proceed  on 
certain  lines  which  may,  perhaps.  Qbm  strange  to  the 
sedate  student  whose  knowlemrr  of  optics  has  been 
acquired  on  the  narrowef^j^is  of  the  orthodox  text¬ 
book.  The  ideas  de^lqhed  in  the  first  lecture  arose 


from  the  convictiot^j^at  the  time-honoured  method  of 
teaching  geomqQ^l  optics— a  method  in  which  the 
wave-natur  light  is  steadily  ignored  —  is  funda- 
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mentally  wrong.  For  the  sake  of  students  and  teachers 
of  optics  he  has  added  to  Lecture  I.  an  Appendix,  in 
which  the  newer  ideas  are  further  developed.  Other 


Appendices  have  been  added  to  the  later  Lectures, 
with  the  aim  of  filling  up  some  of  the  gaps  left  in  the 
subjects  as  treated  in  the  lecture  theatre. 

Now  that  the  electromagnetic  nature  of  all  light¬ 
waves  has  been  fully  demonstrated,  no  apology  is  needed 
for  bringing  into  the  fifth  Lecture  a  few  of  the  experi¬ 
mental  points  upon  which  that  demonstration  rests. 
That  these  fundamental  points  can  be  given  without 
any  great  complication  of  either  thought  or  language 
is  in  itself  the  strongest  argument  for  making  that 
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demonstration  an  essential  feature  early  stage  in 

the  teaching  of  the  science.  (gf* 

Many  of  the  ideas  whicf^^^st  be  grasped,  for 
example  that  of  the  polaris^m  of  light,  are  popularly 
supposed  to  be  extrem^^dmicult ;  whereas  the  difficulty 
lies  not  in  the  ideaOhemselves  so  much  as  in  the 
language  in  whi^fiiey  are  generally  set  forth.  In  an 
experience  ]#s‘  over  a  good  many  years,  the  author 
has  four^Jthat  the  main  points  in  the  phenomena  of 
polan^Kon  are  quite  easily  grasped  by  persons  of 
™0*nary  intelligence — even  by  children — provided  they 
Vtre  presented  in  a  modern  way  devoid  of  pedantic 
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terms,  and  illustrated  by  appropriate  models.  A 
similar  remark  would  equally  apply  to  other  parts  of 
optics,  such  as  interference  and  diffraction,  which  are 
barely  alluded  to  in  the  present  lectures.  Many 
branches  are  necessarily  omitted  altogether  from  so 
brief  a  course :  amongst  them  the  entire  subject  of 
spectrum  analysis,  the  construction  and  theory  of  optical 
instruments,  and  the  greater  part  of  the  subject  of 
colour  vision.  No  attempt  was  made  to  include  these 
topics,  and  no  apology  is  needed  for  their  omission. 
Whatever  value  these  discourses  may  possess  must 
depend  upon  the  things  they  include,  not  upon  those 
which  they  do  not. 


London,  Januaiy  1897. 
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How  light- waves  travel — Experiments  with  the  ripple-tank — How 
shadows  are  cast — How  to  make  light -waves  converge  and 
diverge  —  Measurement  of  brightness  of  lights  —  Reflexion  of 
light  by  mirrors — Formation  of  images — Regular  and  irregular 
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mirrors. 

Light,  as  is  known  both  from  astronomical  obseiJg^Hons 
and  from  experiments  made  with  optical  appara(^travels 
at  a  speed  far  exceeding  that  of  the  swiftest^vjmon  of  any 
material  thing.  Try  to  think  of  the  swifft&^thing  on  the 
face  of  the  earth.  An  express  trailed  full  speed,  per¬ 
haps,  occurs  to  you.  How  far  Qi  it  go  while  you 
count  up  to  ten  ?  Counting  d^Jmctly  I  take  just  over 
5!  seconds.  In  that  time^S&express  train  would  have 

bullet  would  have  gone 


farther.  There  is  somVttfing  that  goes  quicker  than  any 
actual  moving  thmj£?  A  sound  travels  faster.  In  the 
same  time  a  sqOQa  would  travel  a  mile.  Do  you  say 
that  a  soundS^nly  a  movement  in  the  air,  a  mere  aerial 
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wave?  That  is  quite  true.  Sound  consists  of  waves, 
or  rather  of  successions  of  waves  in  the  air.  None  of 
you  who  may  have  listened  to  the  delightful  lectures  of 
Professor  M ‘Kendrick  in  this  theatre  last  Christmas  will 
have  forgotten  that ;  or  how  he  used  the  phonograph  to 
record  the  actual  mechanical  movements  impressed  by 
those  air-waves  as  they  beat  against  the  sensitive  surface 
of  the  tympanum. 

But  this  Christmas  we  have  to  deal  with  waves  of  a 
different  kind — waves  of  light  instead  of  waves  of  sound 
— and  though  we  are  still  dealing  with  waves,  yet  they 
are  waves  of  quite  a  different  sort,  as  we  shall  see. 

In  the  first  place,  they  travel  very  much  faster  than 
waves  of  sound  in  the  air.  During  that  5-J  seconds, 
while  an  express  train  could  go  500  feet,  or  while  a 
sound  would  travel  a  mile,  light  would  travel  a  million 
miles !  A  million  miles  !  How  shall  I  get  you  to  think 
of  that  distance  ?  An  express  train  going  60  miles  an 
hour  would  take  i6,666§  hours,  whicHjsfhe  same  thing 
as  694  days  10  hours  40  minute^ffeuppose  you  were 
now — 29th  December  1896,  ^yclock — to  jump  into 
an  express  train,  and  thatjtfN^nt  on  and  on,  not  only 
all  day  and  all  night,  but  \llXnrough  next  year,  day  after 
day,  and  all  through  0b  year  after  next,  month  after 
month,  until  Novegjper,  and  that  it  did  not  stop  till 
24th  Novembe^^S  at  20  minutes  before  2  o’clock 
in  the  morni*^*  by  that  time — nearly  two  years — you 
would  ha^ytravelled  just  a* million  miles.  But  the 
space  ♦  tfi^t  an  express  train  takes  a  year  and  eleven 
mon^No  travel,  light  travels  in  5J  seconds— just  while 
fcjJvcount  ten  ! 
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And  not  only  are  the  waves  of  light  different  from 
those  of  sound  in  their  speed — they  are  different  in  size. 
As  compared  with  sound-waves  they  are  very  minute 
ripples.  The  invisible  waves  of  sound  are  of  various 
sizes,  their  lengths  differing  with  the  pitch  of  the  sound. 
The  middle  c  of  the  pianoforte  has  a  wave-length  of 
about  4  feet  3  inches,  while  the  shrill  notes  that  you  can 
sing  may  be  only  a  few  inches  long.  A  shrill  whistle 
makes  invisible  ripples  about  half  an  inch  long  in  the  air. 
But  the  waves  of  light  are  far  smaller.  The  very  largest 
waves  of  all  amongst  the  different  kinds  of  visible  light 
—  the  red  waves — are  so  small  that  you  could  pack 
39,000  of  them  side  by  side  in  the  breadth  of  one  inch ! 
And  the  waves  of  other  colours  are  all  smaller.  How 
am  I  to  make  you  grasp  the  smallness  of  these  wavelets  ? 
What  is  the  shortest  thing  you  can  think  of?  The  thick¬ 
ness  of  a  pin  ?  Well,  if  a  pin  is  only  a  hundredth 
part  of  an  inch  thick  it  is  still  390  .times  as  broaH^Aa 
ripple  of  red  light.  The  thickness  of  a  hunmjpSair? 
Well,  if  a  hair  is  only  a  thousandth  part  of  an  ^Qh  thick 
it  is  still  39  times  as  big  as  the  size  of  cfr^a^e  of  red 
light.  pjP 

Now,  from  the  facts  that  waves  o^ligm  travel  so  fast, 
and  are  so  very  minute,  there  follo^Ome  very  important 
consequences.  One  consequend2>is  that  the  to-and-fro 
motions  of  these  little  ripjffei^i*?  so  excessively  rapid — 
millions  of  millions  of  tirrfttvin  a  second — that  there  is 
no  possible  way  of  marring  their  frequency :  we  can 
only  calculate  it.  r^J)other  consequence  is  that  it  is 
very  difficult  to ^^Sionstrate  that  they  really  are  waves. 
While  a  tbu^Jshns 


Jnsequence  of  their  being  so  small  is 
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that,  unlike  big  waves,  they  don’t  spread  much  round 
the  edges  of  obstacles. 

You  have  doubtless  all  often  watched  the  waves  on 
the  sea,  and  the  ripples  on  a  pond,  and  know  how  when 
the  waves  or  the  ripples  in  their  travelling  strike  against 
an  obstacle,  such  as  a  rock  or  a  post,  they  are  parted  by 
it,  pass  by  it,  and  run  round  to  meet  behind  it.  But 
when  waves  of  light  meet  an  obstacle  of  any  ordinary 
size  they  don’t  run  round  and  meet  on  the  other  side  of 
it — on  the  contrary,  the  obstacle  casts  a  shadow  behind 
it.  If  the  waves  of  light  crept  round  into  the  space 
behind  the  obstacle,  that  space  would  not  be  a  dark 
shadow. 

Well,  but  that  is  a  question  after  all  of  the  relative 
sizes  of  the  obstacle  and  of  the  waves.  Sea  waves  may 
meet  behind  a  rock  or  a  post,  because  the  rock  or  the 
post  may  not  be  much  larger  than  the  wave-length.1 
But  if  you  think  of  a  big  stone  breahrttdjr— much  bigger 
in  its  length  than  the  wave-lengtftyn  the  waves, — you 
know  that  there  may  be  quite water  behind  it  ;  in 
that  sense  it  casts  a  shadow-X^ again  with  sound-waves; 
ordinary  objects  are  not/ftlwitely  bigger  than  the  size  of 
ordinary  sound -wavei^The  consequence  is  that  the 
sound-waves  in  passC^  them  will  spread  into  the  space 
behind  the  obs^Sf;.  Sounds  don’t  usually  cast  sharp 
acoustic  sh^X Mfcr  If  a  band  of  musicians  is  playing  in 
front  oLa  (Jjhse,  you  don’t  find,  if  you  go  round  to  the 

1  NotKtfat  the  scientific  term  “  wave-length  ”  means  the  length 
fronf^fijcrest  of  one  wave  to  the  crest  of  the  next.  This,  on  the 
.Qjay  be  50  feet  or  more.  In  the  case  of  ripples  on  a  pond,  it 
be  but  an  inch  or  two.  Many  people  would  call  it  the  breadth 
the  waves  rather  than  the  length. 
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back  of  the  house,  that  all  sound  is  cut  off.  The  sounds 
spread  round  into  the  space  behind.  But  if  you  notice 
carefully  you  will  observe  that  while  the  house  does  not 
cut  off  the  big  waves  of  the  drum  or  the  trombone,  it 
does  perceptibly  cut  off  the  smaller  waves  of  the  flute  or 
the  piccolo.  And  Lord  Rayleigh  has  often  shown  in 
this  theatre  how  the  still  smaller  sound-waves  of  ex¬ 
cessively  shrill  whistles  spread  still  less  into  the  space 
behind  obstacles.  You  get  sharp  shadows  when  the  waves 
are  very  small  compared  with  the  size  of  the  obstacle. 

Perhaps  you  will  then  tell  me  that  if  this  argument 
is  correct,  you  ought  not,  even  with  light-waves,  to  get 
sharp  shadows  if  you  use  as  obstacles  very  narrow 
obstacles,  such  as  needles  or  hairs.  Well,  though  per¬ 
haps  you  never  heard  it,  that  is  exactly  what  is  found  to 
be  the  case.  The  shadow  of  a  needle  or  a  hair,  when 
light  from  a  single  point  or  a  single  narrow  slit  is  allowed 
to  fall  upon  it,  is  found  not  to  be  a  hard  black  sl^toyv. 
On  the  contrary,  the  edges  of  the  shadow  arej^nd  to 
be  curiously  fringed,  and  there  is  light  righLxpthe  very 
middle  of  the  shadow  caused  by  the  way&cpassing  by 
it,  spreading  into  the  space  behind  an^Q^Seting  there. 

However,  all  this  is  introductoi&^to  the  subject  of 

litSL 


shadows  in  general. 


ake  special  precau¬ 


tions,  or  use  very  minute  obi0is  to  cast  shadows,  we 
shall  not  observe  any  of^JWse  curious  effects.  The 
ordinary  shadows  caafr*  a  bright  light  proceeding 
from  any  luminous  oolm  are  sharp-edged ;  in  fact,  the 
waves,  in  ordinaryN^ses,  act  as  though  they  did  not 

lines. 


spread  into  tl^^jMows,  but  travelled  simply  in  straight 
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Let  me  try  to  illustrate  the  general  principle  of  the 


Fig.  i. 


travelling  c^^ples  by  use  of  a  shallow  tank 1  of  water, 


1  Ripp! 

been  kni 


.nks  for  illustrating  the  propagation  of  waves  have  long 
Small  tanks  were  used  at  various  times  by  Professor 


See  also  Professor  Poynting,  F.R.S.,  in  Nature ,  29th 
■84,  P-  1 19- 
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on  the  surface  of  which  I  can  produce  ripples  at  will. 
An  electric  lamp  placed  underneath  it  throws  up  shadows 
of  the  ripples  upon  a  slanting  translucent  screen,  and 
you  can  see  for  yourselves  how  the  ripples  spread  from 
the  centre  of  disturbance  in  concentric  circles,  each  circle 
enlarging,  and  the  ripples  following  one  after  another  at 
regular  distances  apart.  That  distance  is  what  we  call 
the  “  wave-length.” 

If  I  use  the  tip  of  my  finger  to  produce  a  disturbance, 
the  ripples  travel  outward  in  all  directions  at  an  equal 
speed.  Each  wave-front  is  therefore  a  circle.  If,  however, 
I  use  to  produce  the  disturbance  a  straight  wooden  ruler, 
it  will  set  up  straight  wavelets  that  follow  one  another  in 
parallel  ranks.  These  we  may  describe  as  plane  waves, 
as  distinguished  from  curved  ones.  Notice  how  they 
march  forward,  each  keeping  its  distance  from  that  in 
front  of  it. 

Now,  if  you  have  ever  watched  with  care  the 
on  a  pond,  you  will  know  that  though  the  ripplerateirch 
forward,  the  water  of  which  these  ripples  are^Qhposed 
does  not — it  merely  rises  up  and  down  aH^ch  ripple 
comes  by.  The  proof  is  simple.  Tfftw  in  a  bit  of 
cork  as  a  float.  If  the  water  were  to^ow  along,  it  would 
take  the  cork  with  it.  But  no ;  seOiow  the  cork  rides 
the  waves.  It  is  the  motion  that  travels  forward 
across  the  surface — the  dimply  swings  to -and - 

fro,  or  rather  up  ancL^djgyn,  in  its  place.  Now  that 
this  has  once  been  Vdught  to  your  attention,  you 
will  be  able  to  dis^guish  between  the  two  kinds  of 
movement — tbers^parent  motion  of  the  waves  as  they 
travel  along^^  surface,  and  the  actual  motion  of  the 
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particles  in  the  waves,  which  is  always  of  an  oscillatory 
kind. 

Here  is  a  model  of  a  wave-motion  that  will  make  the 
difference  still  clearer.  At  the  top  a  row  of  little  white 


Fig. 


balls  (Fig. is  arranged  upon  stems  to  which,  in 
regular  *q^?er  one  after  the  other,  is  given  an  oscillatory 
moji^iQip  and  down.  Not  one  of  these  white  particles 
ts^hs  along.  Each  simply  oscillates  in  its  own  place. 
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Yet  the  effect  is  that  of  a  travelling  wave,  or  rather  set 
of  waves.  The  direction  in  which  the  wave  travels  is 
transverse  to  the  displacements  of  the  particles.  The 
length  from  crest  to  crest  of  the  waves  is  about  4  inches. 
Their  velocity  of  travelling  depends,  of  course,  on  the 
speed  with  which  I  turn  the  handle  of  the  apparatus. 
The  amplitude  of  the  displacement  of  each  of  the  balls 
is  not  more  than  one  inch  up  or  down  from  the  centre 
line. 

Perhaps  now  you  will  be  able  to  think  of  the  little 
wavelets  of  light,  marching  in  ranks  so  close  that  there 
are  40,000  or  50,000  of  them  to  the  inch,  and  having  a 
velocity  of  propagation  of  185,000  miles  a  second. 

Now  let  me  state  to  you  two  important  principles  of 
wave-motion — all-important  in  the  right  understanding 
of  the  behaviour  of  waves  of  light. 

(1)  The  first  is  that  waves  always1  march  at  right 

angles  to  their  own  front.  This  is  how  a  ran^Apf 
soldiers  march — straight  forward  in  a  direction (wtiare 
to  the  line  into  which  they  have  dressed.  as  so 

with  the  water-ripples  that  you  have  alreac  en. 

(2)  The  second  principle  is  that  (^SiS^point  of  any 

wave-front  may  be  regarded  as  a  nS^v  source  or  centre 
from  which  waves  will  start  forwaO  in  circles.  Look 
at  the  sketch  (Fig.  3).  Froi**^  as  a  centre  ripples 
are  travelling  outward  in  for  there  has  been  a 

disturbance  at  P.  NopiQhere  is  placed  in  the  way  of 

1  Always,  that  is  t©4  in  free  media,  in  gases,  liquids,  and 
non-crystalline  solids.£\S  crystals,  where  the  structure  is  such  that 
the  elasticity  differOkn  different  directions,  it  is  possible  to  have 
waves  marchintj^Jhjuely  to  their  own  front. 

A 
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these  ripples  a  screen,  S,  or  obstacle,  with  a  hole  in  it, 
all  the  wave-fronts  that  come  that  way  will  be  stopped 
or  reflected  back,  except  that  bit  of  each  wave-front 
that  comes  to  the  gap  in  the  screen.  That  particular 
bit  will  go  on  into  the  space  beyond,  but  will  spread  at 
equal  speed  in  all  directions,  giving  rise  to  a  new  but 
fainter  set  of  ripples  which  will  be  again  of  circular  form, 
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having  their  centre  h<©ever  not  at  P  but  at  the  gap  in 
the  screen.  This^|0&  I  can  readily  illustrate  to  you  in 
my  ripple-tanjj 

The  fir^  rtKM:hese  two  principles  is  really  a  conse¬ 
quence  oivtAe  second,  and  of  another  principle  (that 
of  “  irti^berence  ”)  which  concerns  the  overlapping  of 
wg.  Of  these  we  may  now  avail  ourselves  to  find 
waves  will  march  if  we  know  at  any  moment  the 
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shape  of  the  wave -front.  Suppose  (Fig.  4)  we  knew 
that  at  a  certain  moment  the  wave -front  of  a  set  of 
ripples  had  got  as  far 


know  where  it  would 
be  an  instant  later.  If 


we  know  how  fast  the 
wave  travels  we  can 


think  of  the  time  taken  p 


to  travel  some  short 
space  such  as  half  an 
inch.  Take  then  a  pair 
of  compasses  and  open 


them  out  to  half  an 
inch.  Then  put  the 

point  of  the  compasses  at  some  part — say  a — of  the  cuiwe 
FF,  and  strike  out  the  piece  of  circle  as  shown 

That  is  where  the  disturbance  would  snrend  to  fhnt 


a  had 
e  bit  at  b 


using  the  same  radius  for  all  of  themr  And  now  we  see 
that  if  all  these  bits,  instead  oQrcting  each  separately, 
are  acting  at  the  same  time^^fe  wavelets  from  each  will 
overlap  and  give  us  ome-lG^e  enveloping  curve  at  GG ; 

Ve  as  though  the  wave-front  FF 


ard  to  GG.  Those  parts  ( 
spread  cross-ways  in  the 
lother;  for  instance,  part  < 


ard  to  GG.  Those  parts  of  the 
spread  cross-ways  in  the  over- 


lother;  for  instance,  part  of  the 
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wavelet  from  a  tends  to  cross  downwards  in  front  of  c , 
while  a  part  of  the  wavelet  from  e  tends  to  cross  upwards 
to  an  equal  amount.  These  sideway  effects  cancel  one 
another,  with  the  result  that  the  effect  is  the  same  on 
the  whole  as  though  the  bit  of  wave  at  c  had  simply 
marched  straight  forward  to  c . 

Perhaps  you  will  say  that  if  this  is  true  then  when 
light-waves  meet  an  obstacle  some  light  ought  to  spread 
round  into  the  shadow  at  the  edges.  And  so  it  does  as 
has  already  been  said.  But,  owing  to  the  exceeding 
smallness  of  the  light-waves  compared  with  the  dimen¬ 
sions  of  ordinary  objects,  the  spreading  is  so  slight  as  to 
be  unnoticed.  In  fact,  except  when  we  are  dealing 
with  the  shadows  of  very  thin  objects,  like  hairs  and 
pins,  or  with  mere  edges,  the  light  behaves  as  though  it 
simply  travelled  in  straight  lines.1 

Our  next  business  is  to  show  how  ripples  can  be 
made  to  diverge  and  converge.  If take  a  point  as 
our  source  of  the  ripples,  then  thaj&will  of  themselves 
spread  or  diverge  from  that  p^Q^  in  all  directions  in 
circles,  each  portion  of  each^fcve-front  having  a  bulg¬ 
ing  form.  If  we  take  as/ftiQsource  a  flat  surface,  so  as 
y march 


to 


get  plane  waves,  thf^  march  forward  as  plane  waves 


1  This  is  all  that  is(0jant  by  the  old  statement  that  light  travels 
in  “rays.”  There^vcAlly  are  no  rays.  The  harder  one  tries  to 
isolate  a  “  ray  ’Oj^Cftself,  by  letting  light  go  first  through  a  narrow 
slit  or  pinhole  J0)k:1  then  passing  it  through  a  second  slit  or  pinhole, 
the  more  find  it  impossible  ;  for  then  we  notice  the  tend- 

encies*  t^^pread  more  than  ever.  If  the  word  “ray”  is  to  be 
retaiwe^at  all  in  the  science  of  optics,  it  must  be  understood  to 
me^Nnothing  more  than  the  geometrical  line  along  which  a  piece 
^  e  wave-front  marches. 
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Fig.  5. 


without  either  diverging  or  converging.  If,  however,  we 
can  in  any  way  so  manage  our  experiments  as  to  get 
ripples  with  a  hollow  front 
instead  of  a  bulging  front, 
then  the  succeeding  ripples 
will  converge  as  they  march. 

This  is  shown  in  Fig.  5. 

Suppose  FF  is  a  hollow  wave- 
front  marching  forward  to¬ 
ward  the  right.  Think  of  the 
bit  of  wave-front  at  a.  After 
a  short  interval  of  time  it 
would  spread  (were  it  alone) 
to#'.  Similarly^  would  spread 
to  b\  and  so  on,  so  that  when 
all  these  separate  wavelets  overlap,  the  effect  is  the  same 
as  though  there  the  wave-front  FF  had  marched  to  GG, 
closing  in  as  it  marches.  After  the  lapse  of  anqijV'r 
equally  short  interval  it  will  have  closed  in  to  HF^vft  is 
clear  that,  on  the  principle  that  waves  alway.^^rch  at 
right  angles  to  their  own  front,  they  tend^T) 10  march 
inwards  and  meet  at  a  new  centre  ssiQ where  at  Q. 
Suppose  you  ranged  a  row  of  soldijurV-m  a  curve  like 
FF,  and  told  each  soldier  to  marcfQjtkiight  forward  be¬ 
tween  his  comrades.  If  each  s^lier  were  to  march  at 
right  angles  to  the  curved  impflftey  would  all  be  march¬ 
ing  toward  a  common  ceiQ^  and  would  close  in  against 

one  another !  cr 

Now  it  is  obv^fiply  easy  to  make  waves  of  light 
diverge — they  do^O  of  themselves  if  the  source  of  light 
be  a  point.  .'JWsh; 


;hall  see  later  how  to  make  them  con- 
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verge ;  but,  meantime,  we  will  use  what  we  know  about 
divergence  to  help  us  to  measure  the  relative  brightness 
of  two  lights. 

Here  is  a  little  electric  glow-lamp.  The  shopman 
who  sold  it  to  me  says  that  when  it  is  supplied  with 
electric  current  at  the  proper  pressure,1  it  will  give  as 
much  light  as  sixteen  candles.  I  switch  on  the  current 
and  it  shines.  I  light  a  standard  candle,2  so  that  you 
can  compare  the  brightness  for  yourselves.  Do  you 
think  that  the  glow-lamp  is  really  sixteen  times  as  bright 
as  the  candle  ?  Your  eye  is  really  a  very  unreliable 
judge 3  of  the  relative  brightness.  We  must,  therefore, 
find  some  way  of  balancing  the  brighter  and  the  less 
bright  lights  against  one  another.  The  instrument  for 
doing  this  is  called  a  photometer. 


1  Electric  pressure,  or  ‘‘voltage,”  is  measured  in  terms  of  the 

unit  of  electric  pressure  called  the  “volt.”  The  usual  electric  pres¬ 
sure  of  the  conductors  which  branch  from  the  Vupply-mains  into  a 
house  is  ioo  volts.  yV) 

2  The  standard  candle  prescribed  b^Pjjne  regulations  of  the 
Board  of  Trade  as  the  legal  standard  ^^foght  in  Great  Britain  is  a 
sperm  candle  burning  120  grains  oLs^j^hiaceti  per  hour. 

3  This  unreliability  of  the  qpytb  form  a  numerically  correct 
judgment  is  partly  dependentfonyite  physiological  fact  that  the  sen¬ 
sation  is  never  numericall&nroportional  to  the  stimulus.  Though 
the  stimulus  be  16  timedQ^  great,  the  sensation  perceived  by  the 
brain  is  not  l6  times^  great.  The  rule  (Fechner’s  law)  is  that 
the  sensation  is  dQtortional  to  the  natural  logarithm  of  the 
stimulus.  TheA^uf-al  logarithm  of  16  is  277  ;  that  is  to  say,  the 
light  that  ig*  rfNtames  as  bright  as  I  candle  only  produces  a  sensa¬ 
tion  277  (hn^s  as  great.  A  single  light  of  100  candle  brilliancy 
only  prgjjkices  a  sensation  4*6  times  as  great  as  that  of  1  candle. 
BesideN.ms  the  iris  diaphragm  of  the  eye  automatically  reduces  the 
siz^Jrthe  pupil  when  a  brighter  light  shines  into  the  eye,  making 

kye  less  sensitive. 
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But  before  we  can  understand  the  photometer  we 
must  first  think  about  the  degree  of  illumination  which 
a  light  produces  when  it  falls  upon  a  white  surface.  I 
take  here  a  piece  of  white  cardboard  one  inch  square. 
If  I  hold  it  close  to  my  candle  it  catches  a  great 
deal  of  the  light,  and  is  brightly  illuminated.  If  I 
hold  it  farther  away  it  is  less  brightly  illuminated. 
We  can,  therefore,  alter  the  illumination  of  the  sur¬ 
face  by  altering  the  distance.  But  we  cannot  use  this 
principle  for  calculations  about  brightness  until  we 
know  the  rule  that  connects  the  distance  with  the 
degree  of  illumination ;  and  that  rule  depends  upon  the 
way  in  which  light  spreads  when  it  starts  from  a  point. 


Fig.  6.  3 


Suppose  we  think  of  the  whole  quantity  of  light  tha^is 
spreading  all  round  from  a  point.  Of  all  that  anta^nf 
of  light  what  fraction  will  be  caught  by  this  squtfvnnch 
of  cardboard  when  I  hold  it  a  foot  away£ry?ot  very 
much.  But  now  think  of  that  same  aim^m^of  light  as 
as  it  goes  on  spreading.  Fig.  6  shows  that  by  the 
time  that  the  light  has  travelled  oujQhom  the  centre  to 
double  the  distance  it  will  have  spgjad  (according  to  the 
law  of  rectilinear  propagatior^o-igcussed  above)  so  that 
the  diverging  beam  is  no^^vice  as  broad  each  way. 
It  will  now  cover  a  car^byard  square  that  is  2  inches 
each  way,  or  that  has#)  square  inches  of  surface.  So  if 
the  same  amount cC^ght  that  formerly  fell  on  1  square 
inch  is  now  over  4  square  inches  of  surface,  it 
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follows  that  each  of  those  4  square  inches  is  only 
illuminated  one  quarter  as  brightly  as  before.  If  you 
had  a  bit  of  butter  to  spread  upon  a  piece  of  bread — 
and  then  you  were  told  that  you  must  spread  the  same 
piece  of  butter  over  a  piece  of  bread  of  four  times  the 
surface,  you  know  that  the  layer  of  butter  would  be 
only  the  quarter  as  thick !  And  so  again,  if  I  let  the 
light  spread  still  farther,  by  the  time  it  has  gone  three 
times  as  far  it  will  have  spread  over  nine  times  the 
surface,  and  the  degree  of  illumination  on  any  one  square 
inch  at  that  treble  distance  will  be  only  one-ninth  part 
as  great  as  at  first.  This  is  the  so-called  law  of  “inverse 
squares,”  and  is  simply  the  geometrical  consequence1 
of  the  circumstance  that  the  light  is  spreading  from  a 
point.  Now  we  are  ready  to  deal  with  the  balancing  of 
two  lights.  By  letting  two  lights  shine  on  a  piece  of  card¬ 
board,  or  rather  on  two  neighbouring  pieces,  and  then 
altering  the  distance  of  one  of  thq^jhts  until  both 
pieces  of  card  are  equally  illuminated,  we  can  get  a 
balance  of  effects,  and  then  cal^Qhte  from  the  squares 
of  the  distances  how  bright  lights  were.  The  eye, 
which  is  a  very  bad  judgsQf  relative  unequal  bright¬ 
nesses  is  really  a  very  f^iVjudge  (and  by  practice  can  be 
trained  to  be  a  veryQbcurate  judge)  of  the  equality  of 
illumination  of  tidwieighbouring  patches.  But  we  must 
make  our  ^^^^ernents  so  that  only  one  light  shines 

1  The  ifltQiat  a  candle  flame  is  not  a  mere  point  introduces  a 
measurab^Jror  in  photometry.  It  cannot  be  too  clearly  under¬ 
stood*,  the  law  of  inverse -squares  is  never  applicable  strictly 
excdCjftto  effects  spreading  from  points.  This  criticism  applies  also 
^Qte  use  or  misuse  of  the  law  of  inverse-squares  in  magnetism  and 
^N^Jectricity. 
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surface  of  B  is  seen  through  the  slots  in  A.  If  the 
illumination  of  A  is  duller  than  that  of  B  the  slots  will 
seem  dark  between  the  brighter  bars  of  the  front  card  ; 
but  if  the  illumination  of  A  is  brighter  than  that  of  B 


then  the  slots  will  seem  bright  between  dull  bars.1  By 


moving  one  of  the  lights  nearer  or  farther  away,  the 
respective  illuminations  can  be  altered  until  balance  is 
obtained;  and  then  the  relative  values  are  calculated 
from  the  squares  of  the  distances.  With  this  photometer 
let  us  now  test  our  electric  lamp  to  see  if  it  is  really 
worth  sixteen  candles.  I  put  it  on  the  photometer 
bench  and  move  it  backward  and  forward  till  the  lights 
balance.  You  see  it  balances  when  rather  less  than 
•four  times  as  far  away  as  the  standard  candle.  It  is, 
therefore,  of  not  quite  sixteen  candle-power. 

Another  very  simple  and  accurate  photometer  is 
made  by  taking  two  small  slabs  of  paraffin  wax  (such  as 
candles  are  made  of)  and  putting  back  to  back 

1  This  form  of  photometer  is  a  m^Sfication  by  Mr.  A.  P. 
Trotter,  M.A.,  of  Cape  Town,  of  th^CShef  photometer  invented  in 
1883  by  the  author  and  Mr.  Starling.  To  prevent  error 

arising  from  internal  reflexi^©e  back  of  the  card  A  should  be 
blackened.  By  setting  theV§ij/>pbrt  at  a  fixed  distance  from  the 
standard  light  on  the  lei&ide,  and  altering,  as  needed  to  obtain 
balance,  the  distance  of  light  of  which  the  brightness  is  to  be 
measured,  it  is  pos^^S*  to  make  the  instrument  direct-reading  ;  the 
scale  to  the  righ|^W)le  support  being  graduated  so  as  to  read  not 
the  actual  disM^Ps  but  their  squares.  For  instance,  if  the  distance 
of  the  mi&HlQot  from  the  standard  light  be  1  metre,  then  on  the 
other  sidauAe  graduation  must  read  1  at  1  metre  ;  4  at  2  metres ; 
9  at*3^Sf£tres,  and  so  forth.  Accuracy  of  reading  is  promoted  by 
the(cyfcumstance  that  when  balance  has  been  found  for  the  middle 
vNlC^of  A  the  slots  to  the  left  of  the  middle  will  look  darker,  and 
e  to  the  right  brighter  than  the  central  one. 
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with  a  sheet  of  tin-foil  or  black  paper  between  them. 
They  are  then  placed  (as  in  Fig.  8)  on  the  graduated 
bench  between  the  lights  whose 
brightness  is  to  be  compared  to¬ 
gether,  and  set  in  such  a  way  that 
one  light  shines  on  one  paraffin 
slab,  and  the  other  light  on  the 
other  slab,  as  in  Fig.  9.  If  the 
illuminations  on  the  two  sides  Fig-  9- 

balance  the  edges  of  the  slabs  will  seem  equally  bright. 
But  if  the  illumination  on  one  face  is  stronger  than 
that  on  the  other  then  that  paraffin  slab  which  is 
more  highly  illuminated  will  seem  brighter  at  its  edge 
than  the  other.1  This  is  because  of  the  translucent  or 


1  this  paraffin  slab  photometer  is  the  invention  of  Dr.  Joly, 
F.R.S.,  of  Dublin.  It  is  an  exceedingly  satisfactory  instrument. 
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semi-opaque  property  of  paraffin  wax,  which  results  in 
a  diffusion  of  the  light  laterally.  With  this  photometer 
it  is  very  easy  to  balance  the  brightness  of  two  lights, 
even  if  their  tint  be  not  quite  identical.  In  Germany, 
they  employ  as  standard,  instead  of  a  sperm  candle,  the 
little  Hefner  lamp  filled  with  a  chemical  liquid  known 
as  amyl-acetate.  But  it  has— as  you  see— the  serious 
disadvantage  of  giving  out  a  light  which  is  unfortunately 
of  a  redder  tint  than  most  of  our  other  lights.  To  be 
quite  suitable,  the  lamp  that  we  choose  as  a  standard  of 
light  ought  to  be  not  only  one  that  will  give  out  a  fixed 
quantity  of  light,  but  one  that  is  irreproachable  in  the 
quality  of  its  whiteness:  it  should  be  a  standard  of 
white  light.  Perhaps  now  that  acetylene  gas  is  so 
easily  made  it  may  serve  as  a  standard,  for  as  yet 
none  of  the  proposed  electric  standards  seem  quite 


satisfactory. 

Let  us  pass  on  to  the  operation  ^Vpmecting  light  by 
means  of  mirrors,  A  piece  of  wspffied  metal  such  as 

Brodhun  and  Lummer,  which  cart*Q>ever,  only  be  described  here 
very  briefly.  It  gives  determi»B®i*f  that  can  be  relied  on  to  within 
one-half  of  one  per  cent.  T%_)vh  lights  to  be  compared  are  caused 
to  shine  on  the  two  opposj&faces  of  a  small  opaque  white  screen, 
(Fig.  io).  The  eye  vieiQihese  two  sides,  as  reflected  in  two  small 
mirrors,  Mx  and  means  of  a  special  prism-combination,  con¬ 

sisting,  as  show«jQ)two  right-angled  prisms  of  glass,  A  and  B, 
which  are  ceitl^rtl  together  with  balsam  over  only  a  small  part  of 
their  hyp>*e©e  surfaces;  the  light  from  M,  can  pass  direct  through 
this  centNjJliortion  to  the  eye,  but  the  uncemented  portions  of  the 
hypeiSryse  surface  of  B  act  by  total  internal  reflexion  and  bring  the 
ligK&mn  M,  to  the  eye.  The  eye,  therefore,  virtually  sees  a  patch 
•  tjfvine  surface  of  W  surrounded  by  a  patch  of  the  other  surface  of 
and  hence  can  judge  very  accurately  as  to  whether  they  are 
^  equally  illuminated  or  not. 
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silver,  or  a  silvered  glass,  will  reflect  the  waves  of  light, 
and  so,  though  in  an  inferior  degree,  will  any  other 
material  if  only  its  surface  be  sufficiently  smooth.  By 
sufficiently  smooth  I  mean  that  the  ridges  or  scratches 
or  roughnesses  of  its  surface  are  decidedly  smaller  than 
the  wave-length  of  the  light.  If  the  scratches  or  ridges 
on  a  surface  are  in  width  less  than  a  quarter  of  the  wave¬ 
length  (in  the  case  of  light,  therefore,  less  than  about 
TooVotr  inch)  they  do  not  cause  any  breaking  up  of 


S 


P 


n; 


the  waves ;  and  such  surfaces  are,  for^oMIcal  purposes, 
quite  “smooth.”  Indeed  that  is^he  usual  way  of 


polishing  things.  You  scratch  I 
sort  of  very  fine  powder  that 


hr!  all  over  with  some 
is  scratches  finer  than 


2oWoir  of  an  inch. 

Now  the  rebound  of^A^a^es  when  they  beat  against  a 
polished  surface,  wherad'  that  surface  be  a  flat  one  or 
a  curved  one,  am&fe  studied  by  applying  the  same 
principles  of  \yq^rfiotion  that  we  have  already  learned. 

Tn  TTirr  TT  _ 


In  Fig.  1 1  ^^have  light  starting  from  a  point  at  P  and 
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spreading.  If  a  smooth  obstacle,  SS,  is  placed  in  the 
path  of  these  waves  they  will  meet  it,  but  some  parts  of 
the  wave-front  will  meet  it  before  other  parts.  I  hink 
of  the  bit  of  the  wave-front  that  meets  the  mirror  at  a. 
If  it  had  not  been  stopped,  it  would  after  a  brief 
moment  of  time  have  got  as  far  as  a.  But  having 
bounded  back  from  the  surface  it  will  set  up  a  wavelet 
that  will  spread  backwards  at  the  same  rate.  Therefore, 
draw  with  your  compasses  the  wavelet  a  ,  using  as  radius 
the  length  a  a.  The  next  bit  of  the  wave -front  b 
reaches  the  surface  of  the  mirror  a  little  later.  The 
length  from  thence  to  b'  is  therefore  a  little  shorter  than 
a  d.  So  take  that  shorter  length  as  radius  and  strike 
out  the  wavelet  b' .  Completing  the  set  of  wavelets  in 
the  same  way  we  get  the  final  curve  of  the  reflected 
wave,  which  you  see  will  now  march  backwards  as 
though  it  had  come  from  some  point  Q  on  the  other 
side  of  the  mirror.  In  fact,  if  the^%or  is  a  flat  one, 
Q  will  be  exactly  as  far  behindfl^cf  surface  as  P  is  in 
front  of  it.  We  call  the  pomOQ  the  “  image  ”  of  the 
point  P.  This  reflexion  (Tuples  as  though  they  had 
come  from  a  point  bel/nm\the  mirror  I  can  show  you 
by  aid  of  my  ripple-t^fck.  I  put  in  a  flat  strip  of  lead  to 
serve  as  a  reflectQL-^see  how  the  waves  as  they  come  up 
to  it  march  off  their  curvature  reversed,  as  though 
they  had  sfc^&llrom  some  point  behind  the  reflecting 
surface^  O 

Aeand  can  show  you  the  same  thing  with  a  candle 
aryKj?  looking-glass.  You  know  that  we  can  test  the 
♦  ^Infection  in  which  light  is  coming  by  looking  at  the 
^^hirection  in  which  a  shadow  is  cast  by  it.  If  I  set  up 
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(Fig.  12)  this  little  dagger  on  a  whitened  board  I  can 
see  which  way  its  shadow  falls.  If  now  I  place  a  candle 
beside  it  on  the  board  at  P  it  casts  a  shadow  of  the 
dagger  on  the  side  away  from  P.  Next,  set  up  a  piece 
of  silvered  mirror  glass  a  little  farther  along  the  board. 
We  have  now  two  shadows.  One  is  the  direct  shadow 
which  was  previously  cast ;  the  other  is  the  shadow  cast 
by  the  waves  that  have  been  reflected  in  the  mirror,  and 


falls  that  it  falls  just  as  if  t  W  ht  had  come  from  a 
second  candle  placed  at  as  far  behind  the  mirror 

as  P  is  in  front.  Let  us,  an  actual  second  candle  at 
Q,  and  then  take  awajjAhe  mirror,  and  you  see  the 
second  shadow  in  fh^Jame  place  and  of  the  same  shape 
as  before.  So4\\*\Jrave  proved  by  direct  experiment  that 
our  reasonii^^bout  the  waves  was  correct.  Indeed. 
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you  have  only  to  look  into  a  flat  mirror,  and  examine 
the  images  of  things  in  it,  to  satisfy  yourselves  about 
the  rule.  The  images  of  objects  are  always  exactly 
opposite  the  objects,  and  are  each  as  far  behind  the 
mirror  as  the  object  is  in  front.  Probably  you  have 
all  heard  of  the  savage  prince  captured  by  sailors, 
who,  when  he  was  taken  on  board  ship  and  shown  a 
mirror  hanging  on  a  wall,  wanted  to  run  round  to 
see  the  other  savage  prince  whom  he  saw  on  the  other 


side  ! 

If  instead  of  using  flat  mirrors  we  use  curved  ones, 
we  find  different  rules  to  be  observed.  T  hat  is  because 
the  curved  surfaces  print  new  curvatures  on  the  wave- 
fronts,  causing  them  to  alter  their  lines  of  march.  There 
are,  as  you  know,  two  sorts  of  curvatures.  The  surface 
may  bulge  out — in  which  case  we  call  it  convex ;  or  it 
may  be  hollowed — in  which  case  we  call  it  a  concave 

surface.  ^  , 

In  my  ripple-tank  I  now  pla<£>a  curved  piece  of 
metal  with  its  bulging  side  tojfch'd  the  place  where  I 
make  the  ripples.  Suppo|&S*row  I  send  a  lot  of  plane 
ripples  to  beat  against^JiS*  surface ;  the  part  of  the 
wave-front  that  strike&jrst  against  the  bulging  curve  is 
the  earliest  to  be  rcffWted  back.  The  other  parts  strike 
the  surface  late^and  when  reflected  back  have  fallen 
behind;  sd^kgrft  the  ripples  come  back  curved — the 
curved  /JTiQr  has,  in  fact,  imprinted  upon  the  ripples 
a  curvature  twice  as  great  as  its  own  curvature.  I  his 
cam-ifcPseen  from  Fig.  13,  where  we  consider  the  straight 
•X^les  marching  to  meet  the  bulging  reflector.  The 
's^middle  point  M  of  the  bulging  surface  meets  the  advan- 
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cing  wave  first  and  turns  that  bit  back.  If  there  had 
been  no  obstacle  the  wave  would,  after  a  short  interval 
of  time,  have  got  as  far  as  A.  But  where  will  it  actually 
go  to  ?  The  bit  that  strikes  M  will  go  back  as  far  as 
B ;  the  bit  marked  a  will  go  on  a  little,  and  then  be 
reflected  back.  Take 
your  compasses  again 
and  measure  the  dis¬ 
tance  it  still  has  to  go 
to  o\  and  then  turn¬ 
ing  the  compasses 
strike  out  the  arc  a". 

Do  the  same  for  the 
bits  marked  b  and  c. , 
and  you  will  find  the 
overlapping  wavelets 
to  give  you  the  new  outline  of  the  reflected  wave, 
which  marches  backwards  as  though  it  had  started  i«^m 
the  point  marked  F.  This  point  F  is  half-way  b^Jween 
M  and  the  centre  of  curvature  of  the  sur  The 

centre  is  marked  C  in  the  drawing. 

So,  again,  if  I  use  as  reflector  a  fueritf©  or  concave- 
curved  surface,  it  will  imprint  upon  t^nNvaves  a  concave 
form,  the  imprinted  curvature  bei^  twice  as  great  as 
the  curvature  of  the  reflectiru^2hrface.  But  now  we 
come  upon  a  new  effect.  my  ripple-tank  how, 

when  the  straight  rinpl@N}eat  against  the  concave 
surface,  so  that  the  mrfidJe  part  of  the  wave-front  is  the 
last  to  rebound,  dl^Jhe  ’  other  parts  have  already  re¬ 
bounded  and  *i^^arching  back,  the  returning  ripples 
being  curve^Nlhwards.  In  fact,  you  see  that,  being 
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themselves  now  curved  ripples  with  hollow  wave-fronts, 
they  converge  inwards  upon  one  another,  and  march  back 
toward  the  point  F.  A  bit  of  the  wave -front  at  P 
marches  straight  until  it  strikes  the  mirror  at  R.  Then 
instead  of  going  on  to  Q  it  is  reflected  inward  and 
travels  to  F,  toward  which  point  other  parts  of  the  wave 
also  travel.  Here  then  we  have  found  a  real  focus  or 
meeting  point  of  the  waves;  not,  as  in  the  preceding 
cases,  a  virtual  focus  from  which  the  waves  seemed  to 


come.  We  have  then  that,  for  ripples  at  least, 

a  concave  mirror  ma\J^produce  a  real  convergence  to  a 
point.  ^ 

Let  us  at  onc^Jwow  that  the  same  thing  can  be  done 
with  light-w^Sfiy  using  a  concave  silvered  mirror. 

Fronw^Q^optical  lantern,  with  its  internal  electric 
lamp,  nS^assistant  causes  a  broad  beam  of  light  to 
streamSforth.  The  air  is  dusty,  and  each  little  particle 
♦of\mst  catches  a  portion  of  the  beam,  and  helps  you 
see  which  way  it  is  marching.  In  this  beam  I  hold  a 
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concave  silvered  mirror.  At  once  you  see  how  by  print¬ 
ing  a  curvature  upon  the  waves  it  forces  the  beam  to 
converge  (Fig.  15)  upon  a  point  here  in  mid-air.  That 
point  is  the  focus.  You  will  further  notice  that  by 
turning  the  mirror  about  I  can  shift  the  position  of  the 


focus,  and  concentrate  the  waves  in  d„ 

wiu:  T  o' 

If  I  replace  the  concave  mirijgj  by 
shall  cause  a  divergence  of  i^>v 


eht  places  at 


convex  one,  I 
^vaves.  No  longer  is 
there  any  real  focus,  but  iWvwaves  now  march  away 
as  if  they  had  come  fi^n^a  virtual  focus  behind  the 
mirror  at  F  (Fig.  1 61  (precisely  as  we  saw  for  the  ripples 
in  the  ripple-tank. 

We  have  n  as  far  as  the  making  of  real  images 
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by  so  changing  the  shapes  of  the  wave-fronts  and  their 
consequent  lines  of  march  as  to  cause  them  to  converge  to 
focal  points.  Let  us  try  a  few  more  experiments  on  the 
formation  of  images.  Removing  from  the  optical  lantern 
all  its  lenses,  let  us  simply  leave  inside  it  the  electric 
lamp.  You  know  that  in  this  lamp  there  are  two  pencils 
of  carbon,  the  tips  of  which  do  not  quite  touch,  and 


which  are  made  whitedii^Jb^  the  flow  of  the  electric 
current  between  them^5  cover  up  the  opening  in’  front 
of  the  lantern  by  ^iece  of  tin-foil,  and  in  this  I  now 
stab  a  small  ro^O)hole  with  a  pointed  stiletto.  At 
once  you  se^Jvrown  on  the  screen  an  image  (Fig.  17) 
of  the  tw^wmte-hot  tips  of  the  carbon  pencils.  The 
positive^rbon  has  a  flat  end,  the  negative  tip  is  pointed. 
Thai  Lge  is  inverted  as  a  matter  of  fact,  and  its  forma- 
^^on  the  screen  is  a  mere  consequence  of  the  rectilinear 
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propagation  of  the  light.  If  I  stab  another  hole  we  shall 
have  another  image.  This  time  I  have  pierced  a  square 
hole,  but  the  second  image  is  just  the  same  as  the  first, 
and  does  not  depend  on  the  shape  of  the  hole.  I  pierce 
again  a  three-cornered  hole — still  another  image.  If  I 
pierce  a  whole  lot  of  holes  I  get  just  as  many  images, 
and  they  are  arranged  in  a  sort  of  pattern,  which  exactly 
corresponds  to  the  pattern  of  holes  I  have  pierced  in 
the  tin-foil. 

Now  if  I  wanted  to  produce  one  single  bright  image 
instead  of  a  lot  of  little  images  scattered  about,  I  must  in 


3:- 


Fig.  17. 


some  way  manage  so  to  turn  these  vawA^  beams  that 
they  shall  all  converge  upon  the  same^e^ton  of  the  screen. 
In  other  words,  the  formation  of  ©ght  images  can  be 
effected  by  using  some  appliaiq£l>  which  will  imprint  a 
convergence  upon  the  wavo^gj^-ou  know  that  a  concave 
mirror  will  do  this.  Ve^wSvell,  let  me  use  a  concave 
mirror.  See  how,  wh^o/we  choose  one  of  the  proper 
curvature  to  convel^^the  light  upon  the  screen,  it  blends 
all  the  images^  J^^her,  and  gives  us  one  bright  image. 
We  may  renrtw^our  tin-foil  cap  altogether,  so  as  to  work 
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with  the  whole  beam,  and  we  get  a  still  more  brilliant 
image  of  the  carbon  points. 

Substituting  for  the  arc-lamp  a  group  of  little  coloured 
electric  glow-lamps,  I  cause  their  beams  to  be  reflected 
out  into  the  room  by  my  concave  mirror,  and  here,  by 
trying  with  a  hand -screen  of  thin  translucent  paper, 
you  see  how  I  can  find  the  real  image  of  the  group  of 
lamps.  This  image  is  inverted ;  and  being  in  this  case 
formed  at  a  distance  from  the  mirror  greater  than  that 
of  the  object,  it  is  magnified.  If  the  object  is  removed 
to  a  greater  distance  the  image  comes  still  nearer  in ; 
and  is  then  of  diminished  size,  though  still  inverted. 

So  far  we  have  been  dealing  with  the  regular  reflexion 
that  takes  place  at  properly  polished  surfaces.  But  if 
the  surfaces  are  not  properly  polished — that  is,  if  their 
ridges  or  scratches  or  roughnesses  are  not  sensibly  smaller 
than  the  size  of  waves,  then,  though  they  may  still 
reflect,  the  reflexion  is  irregular.  paper  reflects 

in  this  diffuse  way.  You  do  not  get  definite  images, 
because  the  slight  roughnesses^Sh  the  texture  break 
up  the  wave-fronts  and  scatt(^C^iem  in  all  directions. 
That  is  why  a  white  sheujTV^paper  looks  white  from 
whichever  aspect  you  re^arn  it.  If  the  substance  is  one 
which,  like  silk,  has  a  ©finite  fibre  or  grain  that  reflects 
a  little  better  in  ope^irection  than  in  another,  then  the 
quantity  of  li  gh^2*ef  rected  will  depend  partly  upon  the 
direction  the  grain  catches  the  light,  and  partly 

upon  the  >wfgle  at  which  the  light  is  inclined  to  the 
surfaci  ^L'his  is  easily  demonstrated  by  examining  the 
apn^Wnce  of  a  piece  of  metal  electrotyped  in  exact 
Imile  of  a  piece  of  silk  fabric. 


Here  is  such  a 
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piece.  It  was  deposited 1  in  a  gutta-percha  mould  cast 
upon  a  piece  of  figured  silk  brocade  ;  it  reproduces  the 
exact  shimmer  of  silk,  because  it  reproduces  the  grain 
of  the  silk  in  its  operation  of  partial  reflexion.  If  silk 
is  woven  with  warp  of  one  colour  and  weft  of  another, 
the  different  colours  are  better  reflected  at  certain  angles 
— hence  the  effect  produced  by  “shot”  silk. 

To  illustrate  the  property  of  diffuse  reflexion  let  me 
show  you  two  simple  experiments.  Here  is  a  piece  of 
mirror.  Upon  it  I  paint  with  Chinese  white  the  word 
LIGHT.  The  letters  look  white  on  a  dark  background. 
But  if  I  use  it  to  reflect  upon  the  wall  a  patch  of  light 
from  the  electric  lamp  the  letters  come  out  black.  The 
light  that  fell  on  those  parts  was  scattered  in  all  direc¬ 
tions  —  so  those  parts  looked  white  to  you,  but  they 
have  diffused  the  waves  instead  of  directing  them 
straight  to  the  wall  as  the  other  smooth  parts  of  the 
surface  do.  * 

Let  me  prove  to  you  how  much  light  is  really  rg&rcted 
from  a  piece  of  paper.  I  have  merely  to<r£Jftne  my 
lamp  upon  this  piece  of  white  paper,  and^Qbld  it  near 
the  cheek  of  this  white  marble  bust  inikQbu  to  see  for 
yourselves  what  an  amount  of  ligh^fHactually  reflects 
upon  the  object.  Exchanging  ti©  white  paper  for  a 

1  Made  at  the  Technical  Collej^HK^sbury,  by  Mr.  E.  Rousseau, 
instructor  in  electro-cleposition.  process  of  casting,  in  a  molten 

compound  of  gutta-percha,  A^^trices,  which  are  afterwards  metal¬ 
lised  to  receive  the  deposit  iVjJjt  electrotype  bath,  is  distinctly  superior 
to  the  commercial  pw^jd**  of  taking  moulds  in  a  hydraulic  press. 
On  one  occasion  he  t^flSfor  me  a  mould  of  a  Rowland’s  diffraction 
grating,  having  parallel  lines  to  the  inch.  Like  the  original 

it  showed  mo  *eous  diffraction  colours. 
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piece  of  red  paper, — that  is  to  say  of  paper  that  reflects 
red  waves  better  than  waves  of  any  other  colour, — and 
you  see  how  the  red  light  is  thrown  back  upon  the 
bust,  and  brings  an  artificial  blush  to  its  cheek. 

If  light  is  reflected  from  one  mirror  to  another  one 
standing  at  an  angle  with  the  first,  two  or  more  images 


^gSps. 


may  be  formed,  according 
Here  (Fig.  18)  arjQJwc 
like  the  leaves^Pa 
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to  the  position  of  the  mirrors, 
wo  flat  mirrors  hinged  together 
book.  If  I  open  them  out  to  an 
angle  equaWcQn  e-third  of  a  circle — namely,  120° — and 
then  place  Vcandle  between  them,  each  mirror  will  make 
an  ima^p^o  that,  when  you  peep  in  between  the  mirrors, 
thcj^wl  seem  to  be  three  candles.  If  I  fold  the  mirrors 
%^tfle  nearer,  so  that  they  enclose  a  quadrant  of  a  circle 
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— or  are  at  right  angles — then  there  will  seem  to  be  four 
candles,  one  real  one  and  three  images.  If  I  shut  the 
angle  up  to  7  2° — or  one-fifth  of  a  circle — then  there  will 
seem  to  be  five  candles.  Or  to  6o° — one-sixth  of  a  circle 
— then  there  appear  six  candles.  This  is  the  principle 
of  the  toy  called  the  Kaleidoscope ,  with  which  some  most 
beautiful  and  curious  combinations  of  patterns  and 
colours  can  be  obtained  by  the  multiplication  of  images. 
Even  with  two  such  mirrors  as  these  some  quaint  effects 
are  possible.  When  nearly  shut  up,  a  single  light 
between  them  seems  to  be  drawn  out  into  a  whole 
ring  of  images.  Open  them  out  to  720  or  to  a  right 
angle,  and  try  the  effect  of  putting  your  two  hands  sud¬ 
denly  between  the  mirrors.  Ten  hands  or  eight  hands 
(according  to  the  angle  chosen)  simultaneously  appear 
as  if  by  magic.  Place  between  the  mirrors  a  wedge  of 
Christmas  cake,  and  shut  up  the  mirrors  till  they  tou^h 
the  sides  of  the  wedge, — you  will  see  a  whole^H^fte 
appear. 

It  is  now  time  to  pass  on  to  another  safco^  optical 
effects  which  depend  upon  the  rate  at  the  waves 

travel.  I  have  told  you  how  fast  they^nipN  in  the  air — 
186,400  miles  a  second,  or  (if  yoiJViir calculate  it  out 
by  a  reduction  sum)  one  foot  hiSroout  the  thousand- 
millionth  part  of  one  second.  (Nn^ll,  but  light  does  not 
go  quite  so  fast  througJxCftter  as  through  air — only 
about  three-fourths  as/£i<(yvthat  is,  it  goes  in  water  only 
at  the  rate  of  about  %3&,ooo  miles  a  second,  or  only 
about  nine  inche!*^?  the  thousand-millionth  part  of  a 
second.  An4d«P)mmon  glass  it  goes  still  slower.  On 
the  averagt^S^r  glasses  differ  in  their  composition,  and 
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therefore  in  the  retardation  they  produce  on  light-waves 
— light  only  goes  about  two-thirds  as  fast  as  in  air.  That 
is,  while  light  would  travel  one  foot  through  air,  it  would 
only  travel  about  eight  inches  through  glass. 

Now  as  a  consequence  of  this  difference  in  speed 
it  follows  quite  simply  that  if  the  waves  strike  obliquely 
against  the  surface  of  water  or  of  glass  that  part  of  the 
wave-front  that  enters  first  into  the  denser  medium 
goes  more  slowly,  and  the  other  part  which  is  going  on 
for  a  little  longer  time  though  air  gains  on  the  part  that 
entered  first,  and  so  the  direction  of  the  wave-front  is 
changed,  and  the  line  of  march  is  also  changed.  Let 
us  study  it  a  little  more  precisely.  If  waves  of  light 
j  proceeding  from  a  point 

P  strike  against  the  top 
i  \\  surface  of  a  block  of 

glass,  as  in  Fig.  19,  how 
will  th<^egardation  that 
feerience  on  enter- 
their  march  ? 
i=vOTppose  that  at  a  certain 
'/"'jxmoment  a  ripple  has  got 
as  far  as  FF',  If  it  had 
D  been  going  on  through 

Fig.  jg air  it  would,  after  a  very 
short  intervaK^mne,  have  got  as  far  as  GG'.  But 
it  has  strmJsQ^ainst  the  glass,  and  the  part  that  goes 
in  first  iiW^ad  of  going  as  far  as  G'  will  only  get 
two-tlli^D  as  far.  So  once  more  take  your  compasses, 
and^^ike  off  a  set  of  arcs  for  the  various  wavelets, 
li^ach  case  taking  as  the  arc  two -thirds  of  the  dis- 
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tance  that  the  light  would  have  had  to  go  if  after 
passing  the  surface  it  could  have  gone  on  to  GG'.  The 
overlapping  wavelets  build  up  the  new  wave-front  HG', 
which  you  notice  is  a  flatter  curve,  and  has  its  centre 
somewhere  farther  back  at  Q.  In  fact,  the  effect  of  the 
glass  in  retarding  the  wave  is  to  flatten  its  curvature  and 
alter  its  march,  so  that  in  going  on  through  the  glass  it 
will  progress  as  though  it  had  come  not  from  P,  but 
from  Q,  a  point  times  as  far  away.  Consider  the 
bit  of  wave-front  that  has  been  marching  down  the  line 
PG'.  When  it  enters  the  glass  its  line  of  march  is 
changed — instead  of  going  on  along  G'A  it  goes  more 
steeply  down  G'B,  as  though  it  had  come  from  Q.  This 
abrupt  change  of  direction  along  a  broken  path,  caused 
by  the  entrance  into  a  denser 1  medium,  is  known  by  the 
term  refraction.  Glass  refracts  more  than  water  does ; 
heavy  crystal  glass  (containing  lead)  refracts  more  tJVin 
the  light  sorts  of  glass  used  for  window-panes  andJMfclA; 
while  many  other  substances  have  a  still  higl^Sffefrac- 
tivity.  qP 

Now,  we  can  use  this  property  of  thsTF^fracting  sub¬ 
stances  to  produce  convergence  and  aj^rgence  of  light¬ 
waves,  because,  as  you  see,  when  >*Nwant  to  imprint  a 
curvature  on  the  wave-fronts,  ^  can  easily  do  this  by 
using  the  retardation  of  watd£W  of  glass.  Suppose  we 
wanted  to  alter  a  planewt^F  so  as  to  make  it  converge 
to  a  focus,  what  we^hQb  got  to  do  is  to  retard  the 
middle  part  of  the  wWe-front  a  little,  so  that  the  other 

1  “  Denser,”  optical  sense,  means  the  same  thing  as  more 

retarding.  G^Wwe  with  what  is  said  on  p.  62  in  the  Appendix  to 
this  LectureN^^ 
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parts  shall  gain  on  it.  It  will  then  be  concave  in  shape, 
and  therefore  will  march  to  a  focus.  What  sort  of  a 
piece  of  glass  will  do  this  ?  A  mere  window-pane  will 
not.  A  thick  slab  will  not,  seeing  it  is  equally  thick  all 
over.  Clearly  it  must  be  a  piece  of  glass  that  is  thicker 
at  one  part  than  another.  Well,  suppose  we  take  a 
piece  of  glass  that  is  thicker  in  the  middle  than  at  the 
edges,  what  will  it  do?  Suppose  that,  as  in  Fig.  20, 
we  have  some  plane-waves  coming  along,  and  that  we 
put  in  their  path  a  piece  of  glass  that  is  flat  on  one  face 


u  M 

Fig.  20. 

and  bulging  on  the  other  face.  £^ink  of  the  time  when 
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A 


a  wave-front  has  arrived  at  A  moment  later  where 

will  it  be  ?  The  middle  that  strikes  at  M  will  be  going 
through  glass  to  B.  distance  MB  we  know  will  be 

only  two-thirds  as e|0at  as  the  distance  to  which  it  would 
go  in  air.  Htfwjpgone  on  in  air  it  would  have  gone  as 
far  as  A,  the  Qigth  MA  being  drawn  1 J  times  as  great 
as  MB.  edge  parts  of  the  wave-front  go  almost 

wholl\feX^?ough  air,  and  will  gain  on  the  middle  part. 
Se^fNrnew  wave-front,  instead  of  being  flat  through 
will  be  curved  concavely  in  the  shape  HBH ; 
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and  as  a  result  the  wave  will  march  on  converging  to 
meet  at  F  in  a  real  focus.1  It  would  be  the  same  if  the 
piece  of  glass  were  turned  round  the  other  way,  with  its 
bulging  face  toward  the  light ;  it  would  still  imprint  a 
concavity  on  the  advancing  wave  and  make  it  converge 
to  a  focus.  This  is  exactly  how  a  burning-glass  acts. 

With  my  ripple- tank  I  am  able  to  imitate  these 
effects,  but  not  very  accurately,  because  the  only  way  I 
have  of  slowing  the  ripples  is  to  make  the  water  shal¬ 
lower  where  retardation  is  to  be  produced.  This  I  do 
by  inserting  a  piece  of  plate  glass  cut  to  the  proper  shape. 
Where  the  ripples  pass  over  the  edge  of  the  submerged 
piece  of  glass  they  travel  more  slowly.  Where  they  meet 
the  edge  obliquely  the  direction  of  their  march  is  changed 
— they  are  refracted.  Where  they  pass  over  a  lens¬ 
shaped  piece  they  are  converged  toward  a  focus. 

It  is,  however,  more  convincing  to  show  these  ti*Ags 
with  light-waves  themselves.  Let  me  first  sl^^you 
refraction  upon  the  optical  circle  by  the  aid  21)  of 
a  special  apparatus  2  for  directing  the  boa^ijjroward  the 
centre  at  any  desired  angle.  Placia^Olarge  optical 
circle  with  its  face  toward  you  and  its  Wek  to  the  lantern, 
I  can  throw  the  light  obliquely  urftyV  the  top  surface  of 

1  From  Fig.  20  it  is  easy  to  s^gfnat  the  curvature  of  the  im¬ 
pressed  HAH  is  just  half  °f  the  curvature  of  the 

glass  surface.  Hence  it  folhwN^hat  the  focal  length  of  the  plano¬ 
convex  lens  (if  of  glass  h/vnpTi  refractivity  of  i|)  is  equal  to  twice 
the  radius  of  curvature* o^tfie  lens-surface.  In  the  case  of  double- 
convex  lenses,  eachNjJ0  imprints  a  curvature  upon  the  wave  as  it 
passes  through.  ^fe^Appendix  to  Lecture  I.  p.  65. 

2  This  apn^\tais,  which  can  be  fitted  to  any  ordinary  lantern, 

consists  of  mirrors  at  450  carried  upon  an  arm  affixed  to  a 
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a  piece  of  glass,  the  under  surface  of  which  has  been 

ground  to  a  semi-cylinder 
(Fig.  22).  The  refracted 
beam  emerges  at  a  differ¬ 
ent  angle,  its  line  of  march 
having  been  made  more 
steeply  oblique  by  the 
retardation  of  the  glass. 
If  you  measure  the  angles 
not  in  degrees  but  by  the 
straight  distances  across 
the  circle,  you  will  find 
that,  for  the  kind  of  glass 
I  am  using,  the  proportion  between  the  length  CD  (the 


sleeve  that  fits  the  condenser-tube,  as  in  Fig.  21.  The  beam  after 
three  reflexions  comes  radially  back  across  the  axis  of  the  con- 
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sine  of  refraction)  and  the  length  AB  (the  sine  of  inci¬ 
dence)  is  always  just  the  proportion  of  2  to  3,  whatever 
the  obliquity  of  the  incident  beam.  When  the  incident 
beam  falls  at  grazing  incidence  most  of  it  is  reflected 
and  never  enters  the  glass,  and  the  part  that  does  enter 
is  refracted  down  at  an  angle  known  as  the  critical  or 
limiting  angle. 

With  this  same  optical  circle  I  am  able  to  show  you 
another  phenomenon, 
that  of  total  internal  re¬ 
flexion.  If  I  send  the 
light  upwards  through  the 
glass  hemisphere  (Fig. 

23),  at  an  angle  beyond  L - - 

that  of  the  critical  angle, 
none  of  it  will  come  up 
through  the  surface ;  all 
will  be  reflected  inter¬ 
nally  at  the  under  side, 
the  top  surface  acting  as 
a  polished  mirror.  You  can  see  the^wne  effect  with 
a  tumbler  full  of  water  with  a  spoog  nw. 

This  same  phenomenon  of  (H)al  reflexion  can  be 
beautifully  illustrated  by  thej^jfninous  cascade  or  fairy 
fountain.  I  allow  water  t^j^am  out  of  a  nozzle,  and 
shine  light  in  behind  thjMgh  a  window  into  the  cistern 
from  which  the  wat(j^flcws.  It  falls  in  a  parabolic  curve, 
the  light  followipgjj^  internally  down  to  the  place  where 
the  jet  breaks  24)  into  drops. 

Total  H&ft^ion  can  also  be  illustrated  by  shining 
light  intS^he  end  of  a  solid  glass  rod,  along  which, 
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though  it  is  of  a  bent  and  crooked  shape,  the  light 
travels  until  it  comes  to  the  other  end. 

Returning  now  to  the  use  of  lenses  to  cause  the 
waves  to  converge  and  diverge,  we  will  adjust  our  lan¬ 
tern  to  send  out  a  straight  beam,  and  then  interpose  in 


the  path  a  lens^g^)of  glass  thicker  in  the  middle 
than  at  the  ed^ev-  At  once  it  is  observed — thanks  to 
the  dust  in  ir- — to  make  these  waves  converge  to  a 

focus  at  Jjq^ig.  25).  This  is  again  a  real  focus.  A  lens 
that  is  thicker  in  the  middle  than  at  the  edges  is 
caU&'^r  convex  lens . 

d  we  taken  a  piece  of  glass  that  is  thinner  in  the 
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middle  than  at  the  edges — a  concave  lens — the  effect 


Fig.  25. 

would  be  the  opposite.  Since  the  thin  middle  retards 
the  mid  parts  of  the  wave-front  less  than  the  thick  glass 
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wave-front  will  gain  on  the  outlying  parts,  and  the  wave 
will  emerge  as  a  bulging  wave,  and  will  therefore  march 
as  if  diverging  from  some  virtual  focus. 

You  will  not  have  failed  to  note  that  this  property  of 
lenses  to  converge  or  diverge  light  depends  on  the  fact 
that  light  travels  slower  in  glass  than  in  air ;  and  you  will 
perhaps  wonder  what  would  be  the  effect  if  there  were 
no  change  in  the  speed,  of  travelling.  Well,  that  is  a 
very  simple  matter  to  test.  If  the  action  of  the  lens 
depends  upon  the  difference  of  speed  of  light  in  the 
glass  and  in  the  surrounding  medium,  what  ought  to  be 
the  result  of  surrounding  the  glass  lens  with  some  other 
medium  than  air  ?  Suppose  we  try  water.  The  speed 
of  light  in  water  is  less  than  in  air — it  is  more  nearly 
like  that  in  glass.  And  if  the  action  depends  on  differ¬ 
ence  of  speed,  then  a  glass  lens  immersed  in  water  ought 
to  have  a  less  action  than  the  same  gMsqpns  in  air. 
Try  it,  and  you  see  at  once  that  \vh^immersed  in 
water  a  magnifying  glass  does  not  iQbgnify  as  much  as 
it  does  in  air.  A  burning-glass  not  converge  the 

rays  so  much  when  immer/P&N^i  water;  its  focus  is 
farther  away.  Nay,  I  hate  ncre  a  lens  which  you  see 
unquestionably  magnifies©!  immerse  it  in  this  bath  of 
oil — and  behold  it  a^^as  a  minifying  lens — it  makes 
the  beam  divem<pjhfitead  of  converge !  Carry  the 
argument  on  tao^  logical  conclusion.  If  the  effect  of 
the  mediun^^so  important,  what  would  be  the  effect 
of  takir^^ulens  of  air  (enclosed  between  two  thin  walls 
of  glas^ytnd  surrounding  it  by  a  bath  of  water  or  oil  ? 
I^K^easoning  is  right,  a  concave  air  lens  in  oil  ought 
:t  like  a  convex  glass  lens  in  air,  and  a  convex  air 
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Fig.  27. 


lens  in  oil  like  a  concave  glass  lens  in  air.  Let  us  put 
it  to  the  test  of  experiment.  Here  is  a  concave  air  lens. 
In  air  it  neither  converges  nor  diverges  the  light — the 
speed  inside  and  outside  the 
lens  is  the  same — therefore 
there  is  no  action.  But  plunge 
it  in  oil  (Fig.  27)  and,  see,  it 
brings  the  beam  to  a  focus 
(F)  exactly  as  a  convex  glass 
lens  in  air  would  do. 

Let  me  sum  up  this  part 
of  my  subject  by  simply 
saying  that  lenses  and  curved  mirrors  can  change  the 
march  of  light-waves  by  imprinting  new  curvatures  on 
the  wave-fronts.  Indeed,  speaking  strictly,  that  is  all 
that  any  lens  or  mirror,  or  combination  of  lenses  or  of 
mirrors,  can  do. 

Now  the  human  eye,  that  most  wonderfriOcf  all 
optical  instruments,  is  a  combination  of  len^Nvithin  a 
cartilaginous  ball,  the  back  of  which  is^Osred  on  its 
inner  face  with  an  exquisitely  fine  sfrm&Jre  of  sensitive 
cells,  through  which  are  distributed  nrmifications  of  the 
optic  nerve.  All*  that  that  neH0ican  do  is  to  feel  the 
impressions  that  fall  upon  it  convey  those  impres¬ 
sions  to  the  brain.  AIL  ob£~j)hust  be  done  on  the  one 
hand  by  the  lens-apparat^that  focuses  the  waves  of  light 
on  the  retina,  or  or^hpother  hand  by  the  brain  that  is 
conscious  of  th expressions  conveyed  to  it. .  With  neither 
the  nerve-struo(£^s  nor  with  the  brain  are  these  lectures 
concerne&N^J^e  have  merely  to  treat  of  the  eye  as  a 
combinaHv*1  of  lenses  that  focuses  images  on  the  retina. 
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Consider  a  diagram  (Fig.  28)  of  the  structures  of  the 
human  eyeball.  The  greater  part  of  the  refractive 
effect  is  accomplished  by  a  beautiful  piece  of  trans¬ 
parent  horny  substance  known  as  the  crystalline  lens 
(L9),  which  is  situated  just  behind  the  iris  or  coloured 
diaphragm  of  the  eye.  The  pupil,  or  hole  through  the 
iris,  leads  straight  toward  the  middle  of  this  crystalline 


lens.  But  it  is  immersed©  a  medium,  or  rather  between 


two  media,  a  watery^fi&lium  (L^  in  front  and  a  gelatin¬ 
ous  one  (L,)  bqh^gjtv  the  latter  filling  up  the  rest  of 
the  globe  of  eyeball.  The  crystalline  lens  has 
therefore  a^e^s  magnifying  power  than  it  would  have 
if  it  wenSjimmersed  in  air.  It  acts  very  much  as  a 
lens  i  ater.  But  the  watery  liquid  in  front  of  it 


ahix^cts  as  a  lens,  since  it  occupies  the  space  in  front 
oVnie  crystalline  lens  and  between  it  and  the  trans- 


I 


LIGHTS  AND  SHADOWS 


45 


parent  cornea ,  the  bulging  window  of  the  eye.  Taken 
together  these  form  a  lens  -  combination  adapted  to 
form  images  upon  that  back-screen  or  retina ,  R,  where 
are  spread  out  the  sensitive  nerve  structures.  All 
that  the  eye  can  do  as  an  optical  instrument  can  be 
imitated  by  optical  combinations  of  lenses.  An  ordinary 
photographic  camera  may  be  regarded  as  a  sort  of 
artificial  eye.  In  front  is  a  combination  of  lenses  the 
function  of  which  is  to  focus  images  upon  a  back  screen, 
or  upon  a  plate  which  is  made  chemically  sensitive. 
To  make  the  analogy  more  complete  one  ought  to 
think  of  the  eye  as  a  kind  of  camera  in  which  the 
hollow  body  is  filled  up  with  a  thin  transparent  watery 
jelly,  and  in  which  also  the  space  between  the  front 
lens  and  the  one  behind  it  is  full  of  water. 

Apart  from  the  complication  introduced  by  the 
watery  and  gelatinous  media,  it  is  very  easy  to  imitate 
the  optical  arrangements  of  the  eye  by  lenselS^Any 
photographic  camera  will  serve  indeed  for  th^sjfurpose. 
Its  lens  combination  throws  upon  tha  tf\^en  at  the 
back  real  images  of  the  objects  place£j0ftont. 

As  in  the  camera,  so  in  the  \^/ball,  the  images 
thrown  on  the  back  are  inverteck-smaages.  If  you  have 
not  thought  of  this  before  it^ems  hard  to  believe  it : 
nevertheless  it  is  true.  YmQ^Lve  all  your  lives  had  the 
images  inverted.  Yot^Jw-ains,  while  you  were  yet 
babies  learned  to  c^scGiite  the  impression  received  on 
the  lower  part  oi  rhe  retina  with  objects  high  above 
you.  Howeve^^ou  may  explain  or  doubt,  the  facts 
they  are :  the  images  are  upside-down 
your  eyeball. 


Carl  F.  Shepard  Memorial  Library 
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Beside  the  general  proof  afforded  by  camera-images, 
there  are  two  extremely  simple  proofs  of  this  fact.  The 
first  any  of  you  can  try  at  home ;  all  the  apparatus  it 
needs  being  a  common  pin  and  a  bit  of  card.  It 
depends  upon  the  circumstance  that  if  you  hold  a  small 
object  close  to  a  lens  a  shadow  of  it  may  be  cast  right 
through  the  lens  without  being  turned  upside  down. 
Here  is  a  lens — it  will  form  inverted  images  of  objects 
if  it  focuses  them  on  a  screen.  But  hold  a  small  object 
close  to  the  lens  (Fig.  29)  and  shine  light  through  it ;  the 
shadows  are  actually  cast  right  side  up  on  the  screen. 

Now  take  a  visiting-card  and  prick 
a  pinhole  through  it  with  a  large¬ 
sized  pin.  Place  this  hole  about 
an  inch  from  the  eye  and  look 
through  it  at  a  white  cloud  or  a 
white  surface  strongk^luminated. 
Then  hold  the  pkpS*Pnght,  as  in 
Fig.  30,  betwejjflQrne  eye  and  the 
pinhole.  I^^ay  require  a  little 
patienc^^Osee  it,  as  the  pin  must 
be  hHcV^actly  in  the  right  place. 
You  know  you  are  holdi^St  with  the  head  up,  yet  you 
see  it  with  its  head  d^gyn,  looking  as  in  Fig.  31.  Now 
if  in  the  case  whjsm  you  know  that  its  shadow  is 
being  thrown  hMght  on  the  back  of  your  eye  you 
feel  the  shtfffoWupside  down,  it  follows  that  when  you 
feel  any  image  right  way  up  it  must  really  be  an  in- 
verted/^wTge  that  you  are  feeling. 

♦TQvother  proof  has  the  merit  of  being  direct  and 
ctive,  but  does  not  succeed  with  every  eye — some 


Fig.  29. 
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persons  have  the  cartilaginous  walls  of  the  eyeballs  too 


thick.  Stand  in  front  of  a  mirror, 
say  the  right — and  hold  a  candL 
same  side.  Hold  the  candle  al 
at  the  level  of  the  closed  eye  that 
its  light  just  falls  across  tf(g|Cridge 
of  the  nose  into  tho^^en  eye. 
Then  if  you  look  wer)Qirefully  you 
will  see,  right  in  thN^ctreme  corner 
of  the  eye,  shmj??g  dimly  through 
the  cartila^i^flsfcrs  white  wall,  a  small 
image 


O' 

one  eye  — 
fre  hand  on  the 


Fig.  31. 


candle  flame — and  it  is  inverted. 


If  you 


48 


LIGHT 


LECT- 


raise  the  candle  higher,  the  image  goes  down ;  if  you 
lower  the  candle,  the  image  rises. 

Leaving  lenses  let  me  show  you  a  couple  of 
interesting  experiments  depending  on  the  property  of 
refraction  that  we  have  been  discussing.  In  passing 
through  the  earth’s  atmosphere  obliquely,  as  they  do 
when  the  sun  is  low  down  near  the  horizon,  the  sun’s 
rays  are  refracted,  and  he  seems  to  be  a  little  higher  up 
in  the  sky  than  he  really  is.  Indeed,  under  certain 
circumstances,  the  sun  can  be  seen  above  the  horizon 
at  a  time  when  it  is  absolutely  certain  that  he  has  really 
set ;  his  rays  in  that  case  come  in  a  curved  path  over 
the  intervening  portion  of  the  globe.  Now  the  circum¬ 
stances  in  which  this  can  occur  are  these — that  the 
successive  strata  of  the  air  must  be  of  different 
densities ;  the  densest  below,  next  the  earth,  and  the 
less  dense  above.  To  demonstrate  this  ^Arill  take  a 

Qirefull 


Fig.  32. 


glass  tank  into  which  there  have  been^tefully  poured 
a  number  of  solutions  of  chloride  of^Q^ium  in  water  of 

"^nt  densities  —  the 
sest  at  the  bottom, 
ou  note  that  the  beam 
of  light  sent  into  the 
trough  takes  a  curved 
path  (Fig.  32).  the  light  turns  round  a  corner. 

The  differeJfcSr^of  refractivity  that  accompanies 
difference  tfP  cjferisity  is  well  shown  by  a  very  simple 
experiineni  upon  heated  air.  You  all  know  that  when 
air  is  i*£*Ted  it  rises,  becoming  less  dense.  You  all 
kim^feit,  when  cooled,  air  becomes  more  dense,  and 
1>^$s  to  fall.  But  did  you  ever  see  the  hot  air  rising 
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from  your  hand,  or  even  from  a  hot  poker?  Or  did 
you  ever  see  the  cold  air  descending  below  a  lump  of 
ice  ?  This  is  exceedingly  easy  to  show  you.  All  I 
require  is  a  very  small  luminous  point.  We  will  take 
the  light  of  an  arc-lamp,  shining  through  a  small  hole 
in  a  metal  diaphragm  close  to  it,  and  let  it  shine  Qn  the 
white  wall.  Now  I  let  this  hot  poker  cast  its  shadow 
on  the  screen,  and  you  see  torrents  of  hot  air,  which 
rising,  cast  their  shadows  also.  Here  is  a  lump  of  ice. 
The  cold  air  streaming  down  from  it  casts  its  shadow. 
Even  from  my  hand  you  see  the  hot  air  rising.  A 
candle  flame  casts  quite  a  dense  shadow,  and  when  I 
open  a  bottle  of  ether  you  see  the  ether  vapour — which 
is  ordinarily  quite  invisible — streaming  out  of  the  neck 
and  falling  down.  Even  a  jet  of  escaping  gas  reveals 
itself  when  examined  by  this  method. 

Another  curious  experiment  consists  in  usin&s^s  a 
lens  a  piece  of  glass  which  has  been  ground  s  :o  oe 
curved  only  one  way — say  right  and  lefjfcOCout  not 
curved  in  the  other  way.  If  this 
lens  is  thicker  in  the  middle  part 
from  top  to  bottom,  as  in  Fig.  33^ 
than  it  is  at  the  two  edges,  it  wH* 
magnify  things  from  right  to^ft, 
but  not  from  top  to  bottoni^Q^nce 
it  produces  a  distortiort^yr  throw 
upon  the  screen  th^>&*rait  of  a  well-known  old  gentle¬ 
man.  Then  if  Jint^fpose  in  front  of  him  one  of  these 
“  cylindrical  ”  his  face  will  be  distorted.  And  if  I 

then  turn^h^Vens  round  the  distortion  will  alternately 


Fig.  33. 


elongate's^  features  and  broaden  them.  There  are 


A 


A<& 

$ 


f!  1  r-r:'  ]  hr 

ILL.:  .w .0  LL—  LL'iiL  Ul 


5o 


LIGHT 


LECT. 


also  cylindrical  lenses  of  another  kind,  thinner  in  the 
middle  than  at  the  edges.  These  produce  a  distortion 
by  minifying. 

Finally,  I  return  to  the  point  which  I  endeavoured 
to  explain  to  you  a  few  minutes  ago,  that  all  that  any 
lens  or  mirror  can  do  is  to  impress  a  curvature  upon  the 
wave-fronts  of  the  waves. 

The  most  striking  proof  of  this  is  afforded  by  that 
now  rare  curiosity  the  magic  mirror  of  Japan.  In  old 
Japan,  before  it  was  invaded  and  degraded  by  Western 
customs,  many  things  were  different  from  what  they 
now  are.  The  Japs  never  sat  on  chairs — there  were 
none  to  sit  upon.  They  had  no  looking-glasses — their 
mirrors  were  all  of  polished  bronze ;  and,  indeed,  those 
interesting  folk  had  carried  the  art  of  bronze-casting  and 
of  mirror  polishing  to  a  pitch  never  reached  in  any 
other  nation  before  them.  The  young  in  Japan 

when  they  were  going  to  do  up  their  housed  to  squat 
down  on  a  beautiful  mat  before  a  loiCHy  mirror  standing 
on  an  elegant  lacquered  frame.  JP&-34  is  photographed 


from  a  fine  Japanese  drawi 
may  have  seen  pretty  littlfcj?! 


my  possession.  You 
n-yum  in  the  “  Mikado  ” 


squat  down  exactly  so  bef0b*her  toilet-table.  Here  (Fig. 
35)  is  one  of  these  Trautiful  Japanese  mirrors,  round, 
heavy,  and  furn^VrM0vith  a  metal  handle.  One  face 
has  been  polish*iy\vith  care  and  hard  labour ;  the  other 
has  upon  it^n^Eiief  the  ornament  cast  in  the  mould — in 
this  case^he  crest  of  the  imperial  family,  the  kiri  leaf 
(the  le0fcl  the  Pciullonia  imperialis)  with  the  flower-buds 
ing  over  it.  The  polished  face  is  very  slightly 
but  on  looking  into  it  none  of  you  young 


Fig 


Japanese  Mirror ;  showing  the  pattern 


cast 


relief 


the 


back 


Fig.  36. 

Image  reflected  upon  the  wall  by  the 
polished  front  face. 
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ladies  would  see  anything  but  your  own  fair  faces,  or  the 
faces  of  your  friends  around  you,  or  the  things  in  the 
room.  Certainly  you  would  see  nothing  of  the  orna¬ 
ment  on  the  back.  It  is  merely — so  far  as  you  or  the 
former  owner  of  the  mirror  is  concerned — a  mirror. 

But  now  take  this  mirror  and  hold  it  in  the  light  of 
the  sun,  or  in  the  beams  of  an  electric  lamp,  and  let  it 
reflect  a  patch  of  light  upon  the  white  wall,  or  upon  a 
screen.  What  do  you  see  ?  Why,  in  the  patch  of  light 
reflected  from  the  front  of  the  mirror,  you  see  (Fig.  36) 
the  pattern  that  is  on  the  back.  This  is  the  extra¬ 
ordinary  “ magic”  property  that  has  made  these  mirrors 
so  celebrated. 

Another  mirror  has  at  the  back  a  circle  in  high  relief, 
with  a  fiery  dragon  in  low  relief  sprawling  around  it. 
The  face  is  beautifully  polished,  and  shows  no  traeAof 
the  pattern  at  the  back.  But  when  placed  in  th^&ams 
of  the  arc-lamp  it  throws  a  patch  of  light  on  dKnvall,  in 
which  the  circle  stands  out  as  a  brilliant  dtfj^Svhi  1st  the 
dragon  is  invisible.  It  is  quite  usuaKfiV'the  parts  in 
high  relief  to  produce  this  “  magical  Qfi&t,  while  those 
in  low  relief  produce  none.  .4^ 

For  many  years  it  was  sujmosScl  that  these  mirrors 
were  produced  by  some  tri^P  But  the  extraordinary 
fact  was  discovered  by  A^&ssor  Ayrton  in  Japan  that 
the  Japanese  themsal'((^  were  unaware  of  the  magic 
property  of  the  mtodk  It  results,  in  fact,  from  an 
accident  of  md^feicture.  Not  all  Japanese  mirrors 
show  the  prosify :  those  that  show  it  best  are  generally 
thin,  anc^^jj^  a  slightly  convex  face.  It  was  demon¬ 
strated  tb^rofessor  Ayrton,  and  I  have  since  accumu- 
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lated  some  other  proofs,1  that  the  effect  is  due  to 
extremely  slight  inequalities  of  curvature  of  surface. 
These  arise  accidentally  in  the  process  of  polishing. 
The  mirrors  are  cast  in  moulds.  To  polish  their  faces 


Fig.  37. 


they  are  laid  down  on  their  backs  by  theS^rl 
scrapes  them  violently  with  a  blunt  i^jQ^ool, 


y  th<  rKman,  who 
rop^ool,  using  great 
&nese  print  in  the 
cess  they  become 


scrapes  them  violently  with  a  blunt  ir^Wol,  using  great 
force.  Fig.  37  is  taken  from  fcnese  print  in  the 

British  Museum.  During  th  cess  they  become 

slightly  convex.  The  polish^  npleted  by  scouring 


fcnese 


British  Museum, 
slightly  convex. 


1  These  differences  of  cur\^t)re  of  surface  can  be  proved  <i)  by 
actual  measurement,  in  s<£e  cases  by  spherometer  ;  (2)  by  placing 
a  convex  lens  in  front  (ftfeorrect  the  general  convexity  and  then 
observing  directly^j0r^oucault’s  method  for  testing  figure  of 
mirrors;  (3)  byfe5j$*tmg  in  the  mirror  the  image  of  a  number  of 
fine  parallel  l/jie£-whose  distortion  reveals  the  inequalities  of  curva¬ 
ture  ;  (4)by  t^hig  a  mould  in  gutta-percha,  and  reproducing  the 
polishedNWfcce  by  electrotype,  which  is  then  silvered.  The  silvered 
^)act  as  a  magic  mirror.  In  some  cases  the  “silvering” 
the  surface  unequally,  remaining  last  on  the  parts  that  are 


Q&htly  concave.  The  front  then  shows  faintly  to  the  eye  the 
pattern  on  the  back. 
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with  charcoal  and  scrubbing  with  paper,  after  which 
they  are  “  silvered  ”  by  application  of  an  amalgam  of  tin 
and  mercury.  Now  during  the  violent  scraping  with  the 
iron  tool  the  mirror  bends,  but  the  thin  parts  yield  more 
under  the  pressure  than  the  thick  parts  do ;  hence  the 
thick  parts  get  worn  away  rather  more  than  the  thin 
parts,  and  remain  relatively  concave,  or  at  least  less 
convex. 

Amongst  the  proofs  that  these  very  slight  inequalities 
of  curvature  can  thus  reveal  themselves  by  imprinting  a 
convergivity  or  a  divergivity  upon  the  reflected  waves, 
let  me  show  you  this  glass  mirror,  silvered  in  front  and 
quite  flat,  but  having  a  star  engraved  on  its  back.  By 
merely  blowing  air  against  the  back  to  bend  it,  the  star 
becomes  visible  in  the  patch  of  light  reflected  from  the 
face.  Here  the  thin  parts  yield  more  than  the  ^.hick 
ones.  Again,  simply  heating  a  piece  of  lool^Q%lass 
locally,  by  applying  a  heated  iron  stamp  tojX© oack  of 
it,  will  cause  the  glass  to  expand  in  the  JraNied  region, 
and  exhibit  the  pattern  of  the  stamnXQ^he  patch  of 
light  reflected  on  the  wall  by  the 

Lastly,  I  have  to  exhibit  som^nm^ic  mirrors  made  by 
a  former  pupil  of  mine,  Mr.  ©barton — English  magic 
mirrors — which  have  no  pi  upon  them,  either  back 
or  front,  but  yet  show  jjMtg^s  in  the  light  they  reflect 
upon  the  wall.  Her^^one  that  shows  a  serpent ;  here 
another  with  a  smd<jr  in  his  web;  another  with  a  man 


blowing  a  horn.C^These  are  made  by  etching  very  slightly 
upon  the  bro(^nirror  with  acid  (an  immersion  of  three 
second^  is  ample),  and  then  polishing  away  the 
etched^Ktern.  After  polishing  for  twenty  minutes  the 
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pattern  will  have  disappeared  entirely  from  sight.  But 
you  may  go  on  polishing  for  an  hour  more,  and  still 
the  minute  differences  of  curvature  that  remain  will 
suffice, — though  quite  undiscoverable  otherwise — to 
produce  a  magic  image  in  the  patch  of  reflected  light. 
Though  so  excessively  minute  these  differences  of 
curvature  of  the  mirror  print  their  form  upon  the  wave- 
fronts  of  the  light,  and  alter  the  degree  of  convergency 
or  divergency  of  the  beam. 


APPENDIX  TO  LECTURE  I 


General  Method  of  Geometrical  Optics 


The  method  of  teaching  Geometrical  Optics  upon  the  lines 
of  the  wave-theory,  which  is  the  key-note  to  this  Lecture, 
has  been  followed  systematically  by  the  author  for  fifteen 
years  in  his  regular  courses  of  instruction  in  Optics  to 
students  attending  his  lectures  in  Physics.  The  treatment 
of  the  subject  before  the  audience  attending  the  Christmas 
course  at  the  Royal  Institution,  many  of  whom  were 
juveniles,  was  necessarily  simplified  and  popularisaA:  but 
the  essential  features  of  the  method  remain. 

The  author  also  published  a  brief  notice  ofT^f  method 
of  teaching  the  subject  in  1889  in  a  paper  eiQxtbd  “Notes 
on  Geometrical  Optics,”  read  before  the^Qysical  Society 
of  London,  and  printed  in  the  PkilfTtwfiical  Magazine 
(October  1889,  p.  232). 

As  the  development  of  the  Imemod  in  the  present 
lecture  is  so  slight,  the  author  0ems  it  expedient  to  add 
as  an  Appendix  a  few  further /points  showing  the  application 
to  the  establishment  of  fcj^fiuae  for  lenses  and  mirrors. 
These  are,  in  fad  ca  much  more  readily  on  this 


basis  than  by  the  cunaris^ohs  methods  that  are  consecrated 
by  their  adoption  ifiejrery  text-book  of  Geometrical  Optics. 


Q  Basis  of  the  Method 


In  ^o^feung  optics  from  the  new  standpoint,  we 
have  4t<Nfhink  about  surfaces  instead  of  thinking  about 
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mere  lines.  Waves  march  always  at  right  angles  to 
their  surfaces ;  a  change  in  the  form  of  the  surface 
alters  the  direction  of  march.  The  wave -surface  is 
to  be  considered  instead  of  the  “ray”  The  curvature 
of  the  surface  therefore  becomes  the  all-important  con¬ 
sideration.  All  that  any  lens  or  mirror  or  any  system 
of  lenses  or  mirrors  can  do  to  a  wave  of  light  is  to  im¬ 
print  a  curvature  upon  the  surface  of  the  wave.  If  the 
wave  is  initially  a  plane-wave,  then  the  curvature  imprinted 
upon  it  by  the  lens  or  mirror  will  result  in  making  it  either 
march  toward  a  point  (a  real  focus)'  or  march  as  from  a 
point  (a  virtual  focus).  If  the  wave  possesses  an  initial 
curvature,  then  all  that  the  lens  or  mirror  can  do  is  to 
imprint  another  curvature  upon  its  surface,  the  resultant 
curvature  being  simply  the  algebraic  sum  of  the  initial  and 
the  impressed  curvatures.  As  will  be  seen,  in  the  new 
method  the  essential  thj^  to  know  about  a  lens  or  mirror, 
is  the  curvature  whichMt  can  imprint,  on  a  plane  wave: 
this  is,  indeed,  nothing  else  than  what  the  opticians 
call  its  ‘‘power’5;  the  focal  power  being  inve^ly  propor¬ 
tional  to  the  so-called  focal  length.  Anoth^Ju#  less  vital 
point  in  the  method,  is-  the  advantage  ofCjmg  instead  of 
the  so-called  index  of  refraction  a  quaroJV  reciprocally  re¬ 
lated  to  it,  and  here  denominated  velocity-constant. 
The  use  of  the  index  of  refraqtfxh'  dates  from  a  time 
anterior  to  the  discovery  tl^itYWraction  was  a  mere 
consequence  of  the  diflferefTte  of  velocity  of  the 
waves  in  different  med(^  The  index  of  refraction 
is  a  mere  ratio  between  the  sines  (or  originally  the 
cosecants)  of  the  ol^^rc4d  angles  of  incidence  and  re¬ 
fraction.  The  usjd|0^fQss  of  clinging  to  it  as  a  founda¬ 
tion  for  lens  fonijvjte  is  shown  by  the  simple  fact  that,  in 
order  to  accaffi]|Mi  the  very  first  stage  of  reasoning  in  the 
orthodox  wa^ef  establishing  the  formulas,  we  abandon  the 
sines  ant  l^Jite  simply  the  corresponding  angles,  as  Kepler 
did  betf^e  the  law  of  Snell  was  discovered.  The  ele- 
formulae  of  lenses  are,  in  fact,  where  Kepler  left 
It  is  now  common  knowledge  that  the  speed  of 
Jight,  on  which  refraction  depends,  is  less  in  optically  dense 
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media  than  in  air.  The  speed  of  light  in  air  is  not 
materially  different  from  one  thousand  million  feet  per 
second,  or  thirty  thousand  million  centimetres  per  second. 
If  we  take  the  speed  of  light  in  air  as  unity,  then 
the  numeric  expressing  the  speed  in  denser  media,  such  as 
glass  or  water,  will  be  a  quantity  less  than  unity,  and  will 
differ  for  light  of  different  wave-lengths.  It  is  here  pre¬ 
ferred  to  take,  the  speed  of  light  in  air,  rather  than  in  vacuo , 
as  unity,  because  lenses  and  optical  instruments  in  general 
are  used  in  the  air.  The  numeric  expressing  the  relative 
velocity  in  any  medium  is  called  its  “  velocity-constant  ”  ; 
it  is  the  reciprocal  of  the  index  of  refraction.  The  velocity- 
constant,  for  mean  (yellow)  light,  for  water  is  about  075  ; 
that  of  crown  glass  0*65  ;  that  of  flint  glass  from  o*6i 
to  0*56,  according  to  its  density. 


Method  of  Recko7iing  Curvature 

The  Newtonian  definition  of  curvature  as  the  reciprocal  of 
the  radius  has  a- special  significance  in  the  present  matfc^d  of 
treating  optics  :  for  some  of  the  most  important  off^is^and 
mirror  formulae  consist  simply  of  terms  which  arcA©£iprocals 
of  lengths,  that  is  to  say  of  terms  which  are  cuuGSures.  The 
more  modern  definition  of  curvature  as  of  change  of 

angle  per  unit  length  of  the  curve  £Q(p)nson  and  Tait’s 
Natural  Philosophy ,  vol.  i.  p.  5)  is  ecJmyhThnt  to  Newton’s  ; 
for  if  in  going  along  an  arc  of  H^igth  Ss,  the  direction 
changes  by  an  amount  80,  the  cuQlture  is  80/8s.  But  the 
angle  80  =  8s/r ,  where  r  is  th<|0jadius  of  curvature;  hence 
the  curvature  =  8s/r8s  =  1  /^JOS 

There  is,  however,  a^Mfir  way  of  measuring  curvature, 
which,  though  corrcptTVmy  as  a  first  approximation,  is 
eminently  useful  ib^onsidering  optical  problems.  This 
way  consists  iq  measuring  the  bulge  of  -the  arc  subtended 
by  a  chord  of  length. 

Consid^rr^iircular  arc  AP,  having  O  as  its  centre. 
Across  tfl&yfcrc  draw  a  chord  PP.  of  any  desired  length. 
The  diat^ter  AB  bisects  it  at  right  angles  in  M.  The 
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short  line  MA  measures  the  depth  of  the  curve  from  arc 
to  chord.  If  the  radius  is  taken  as  unity  the  line  MA  is  the 
versed-sine  of  the  angle  subtended  at  B  by  the  whole  chord, 
or  is  the  versed-sine  of  the  semi-angle  subtended  at  the 
centre.  In  Continental  works 
it  is  frequent  to  use  the  name 
sagitta  for  the  length  of  this  line 
MA ;  and  as  this  term  is  pre¬ 
ferable'  to  versed -sine,  and  can 
be  used  generally  irrespective  of 
the  size  of  radius,  it  is  here 
adopted.  The  proposition  is 
that,  for  a  given  chord,  the 
sagitta  is  (to  a  first  degree  of  approximation)  proportional 
to  the  curvature.  For  it  follows  from  the  construction 
that 

MA.  MB  =  (PM) 2 ; 


assuming  PM  as  unity, 


MA: 


I 

MB 


’27'-  AM 


j' 

But,  for  small  apertures,  AM  is  small^Sgmpared  with  2 r, 
and  may  be  neglected  in  the  denarCJiator,  whence,  to  a 
first  approximation, 

Twice1  the  sagitta  reprcsQts  numerically  the  curvature. 
The  error  is  less  than  cm«$er  cent  when  the  semi-angle  sub¬ 
tended  at  the  centregjs^o0  ;  less  than  two  per  cent  when 
it  is  i  5°  ;  less  th&Njve  per  cent  when  it  is  250. 

If  the  metlwxQf  reckoning  curvatures  by  means  of  the 
sagitta  requip^dJ  justification,  that  is  afforded  by  the  fact 
that  theqD&ytical  method  of  measuring  the  curvatures  of 

1  the  sagitta  is  numerically  half  the  curvature,  since  all 

thi^wfculai  of  first  approximation  are  homogeneous  and  of  the  first 
dN^^  as  regards  sagittm  and  curvatures,  the  numerical  factor  \  dis¬ 
appears  in  passing  from  sagittoe  to  curvatures,  or  vice  versd. 
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lenses  and  mirrors  by  the  spherometer  consists  essentially  in 
applying  a  micrometer-screw  to  measure  the  sagitta  of  the 
arc  subtended  by  a  fixed  chord,  the  diameter  of  the  contact 
circle  drawn  through  the  three  feet  of  the  instrument.  In 
this  case,  as  indeed  in  all  cases  where  accuracy,  not 
approximation*  is  desired,  the  basis  for  calculation  of  the 
correction  exists  in  the  actual  size  of  the  diameter  of  the 
contact  circle,  which  is  a  fixed  parameter  for  all  measure¬ 
ments  made  with  the  instrument.  The  “  lens  measurer  ” 
used  by  opticians  to  test  the  curvatures  of  spectacle-lenses 
is  a  very  simple  micrometer  which  reads  off  directly  the 
sagitta  of  the  curve  against  which  it  is  pressed,  and  indi¬ 
cates  on  a  dial  the  value  in  terms  of  formula  [io]  on  p.  65. 

The  sign  of  the  curvature  remains  to  be  defined.  In  the 
case  of  actual  waves  of  light,  the  sign  adopted  will  be  + 
for  the  curvature  of  waves  which  are  converging  upon  a 
real  focus  ;  —  for  those  which  are  diverging  either  from  a 
luminous  source  or  from  a  virtual  focus.  This  agrees  with 
the  practice  of  the  ophthalmists  and  of  the  opticians,  who 
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Notation 


In  adopting  a  notation  which  embodies  the  new  method 
it  is  obviously  advisable  to  choose  one  which  lends  itself 
most  readily  to  the  existing  and  accepted  notations.  In 
the  great  majority  of  books  on  optics,  ‘the  recognised 
symbol  for  focal  length  is  /;  that  for  radius  of  curvature  r. 
And  in  the  Cambridge  text-books  for  many  years  the 
distances  from  lens  or  mirror  of  the  point-object  and  the 
point-image  have  respectively  been  designated  by  the 
letters  u  and  v.  Now  it  is  the  reciprocals  of  these  which 
occur  in  the  expressions  for  the  curvatures  of  surfaces  or  of 
waves.  The  symbols  adopted  respectively  for  the  four 
reciprocals  are  accordingly  F9  R,  U ,  and  V.  The  accepted 
symbol  for  the  index  of  refraction  is  the  Greek  letter  /z  ;  for 
the  velocity-constant,  which  is  its  reciprocal,  we  take  the 
letter  h.  The  following  is  a  tabular  statement  of  the 
symbols  and  their  meanings  : — 


Symbol. 


R 


U 


V 


Meaning. 


^Equivalent  in 
.  ^  Current 
*  Notation. 

& 


Focal  curvature,  or  Focal  powentf^ns  or 
mirror  (  =  dioptries,  if  met^Aj^taken  as 
unit  of  length)  .  .& 

Curvature  of  SurfaaJC  .... 

0s 

Curvature  of  T^Jtlent  wave;  i.e.  curva¬ 
ture  whidQ^  has  acquired  by  having 
trave^c^y)itrpoint  of  origin  ( ‘  ‘  incident 
foct^o^°  incidence  .... 

rP 

Cu\a/ure  of  Resultant  wave  ;  z.e.  curva- 
*  £J:ure  with  which  wave  emerges  from 
^^he  lens . 


Velocity-constant  of  medium  ;  i.e.  velo¬ 
city  of  light  in  that  medium  compared 
with  velocity  in  air  taken  as  unity 


i 

7 


APP. 


REFRACTION  FORMULAE 


61 


Expansion  of  Curvatures 


If  the  curvature  R  of  a  wave  at  any  point  is  known  it  is 
easy  to  calculate  the  curvature  at  any  other  point  at  distance  d 
farther  from  or  nearer  to  the  centre,  the  formula  for  the  new 
curvature  R'  being  as  follows  : — 


The  +  sign  must  be  taken  where  the  new  point  is  farther 
from  the  centre  than  the  point  for  which  the  curvature  R 
is  specified  ;  the  -  sign  when  it  is  nearer  the  centre.  This 
proposition  is  of  use  in  dealing  with  thick  lenses,  and  with 
thin  lenses  at  a  given  distance  apart. 


Rcfractio?i  Formulae 


As  a  preliminary  to  lens  formulae,  it  is  convei  to 
consider  certaiil  cases  of  refraction.  x 


glass0pounded 


Consider  a  retarding  medium,  such  as  g 
on  the  left  (Fig.  39)  by  a  plane  surface  SS'. 


P  be  a 


source  of  w^s/incident  on  the  surface,  PM  being  a  line 
to  SS'.  The  wave-fronts,  at  successive  small 


time,  are  represented  by  arcs  of  circles.  At  a 
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certain  moment  the  wave,  had  it  been  going  on  in  air, 
would  have  had  for  its  surface  the  position  SAS'  ;  the 
curvature  being  measured  by  the  sagitta  AM.  The 
medium,  however,  retards  the  wave,  and  it  will  only 
have  gone  as  far  as  B  instead  of  penetrating  to  A ;  B 
being  a  point  such  that  BM  =  /^  .  AM,  where  h  is  the 
velocity-constant  of  the  medium  into  which  the  wave  enters. 
The  curvature  of  the  wave  is  flattened  as  the  result  of  the 
retardation.  Now  draw  a  circle  through  SBS',  and  find  its 
centre  Q.  To  a  first  degree  of  approximation  the  arc  SBS' 
represents  the  retarded  wave-front,  the  set  of  wave-fronts 


P- 


from  B  onwards  being  repr  &eiWd  by  the  series  of  arcs 
drawn  fiom  Q  as  centre,  ./^^^ye  situated  in  the  medium 
on  the  light  of  SS  wj£L  perceive  the  waves  as  though 
coming  from  O,  the  (vjjrtifel)  point-image  of  P.  Accurately 
the  wave-fronts  sWBp?e  hyperbolic  arcs,  but  if  SS'  is 
small  relatively  i^PM  the  circular  arcs  are  adequate. 
Now  AM  =  #7  BM  =  V.  Plence  the  action  of  the 
plane  suiface  ropan  the  curvature  (in  this  case  a  divergivity) 
wave  is  given  by  the  formula 


he  above  case,  which  should  be  compared  with  Fig. 
34,  the  wave  had  a  negative  curvature.  If  the 
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entrant  wave  has  a  positive  curvature  or  convergence  such 
as  would  cause  it  to  march  to  a  point  P  to  the  right  in  the 
air,  a  similar  set  of  considerations  will  readily  show  that  if 
on  entering  the  flat  surface  of  a  more  retarding  medium  its 
curvature  is  flattened,  it  will  march  to  a  focus  farther  to  the 
right,  the  ratio  of  the  original  and  the  acquired  curvatures 
being,  as  before,  dependent  simply  on  the  relative  velocities  ; 
and  formula  [2]  above  still  holds  good. 

Consider  next  the  wave  emerging  (Fig.  40)  into  air  from 
a  point  P,  situated  in  the  retarding  medium  whose  velocity- 
constant  is  h.  Had  the  wave  been  going  on  wholly  through 
the  denser  medium,  the  wave-front  would  have  been  at 
SAS' ;  but,  being  accelerated  on  emergence  into  air, '  it 
reaches  B  instead  of  A.  The  new  curve  SBS'  has  Q  for  its 
centre  ;  that  is  to  say,  the  wave  emerges  from  Q  as  a  virtual 
focus,  its  curvature  being  augmented.  The  sagitta  BM  is 
greater  than  AM  in  the  ratio  of  1  to  h.  Hence  in  this 
case  the  formula  is 


v=~ku  ...  [3] 

The  case  of  an  emergent  wave  of  positive  <^v^ure 
leads  to  the  same  formula.  In  the  case  of  eithqjp^bsitive 
or  negative  initial  curvature,  emergence  from  tiQvretarding 
medium  through  the  plane  surface  into  qiif^gments  the 


curvature. 

If  a  plane  wave  travelling  in  air  m/cHp^  bulging  surface 
of  a  more  retarding  medium  such^aiNgfass,  the  portion  of 
the  advancing  wave  which  first  pSSts  the  surface  is  re¬ 
tarded,  so  that  the  wave  front  .^ecSives  a  depression,  and 
hence  on  entering  the  seconcWfetfium  marches  converging 
toward  a  focus.  The  rePdMli&etween  the  impressed  focal 
curvature  and  the  curva^^fR)  of  the  surface  is  given  by 
the  formula  f  O 

\Jf=R(  i-k)  .  .  [4] 

It  will  be  nota^3iat  if  the  curvature  of  the  surface  is 
positive  (f./.>Wfing  toward  the  source  of  light),  the  im¬ 
pressed  curvature  is  also  positive.  The  formula, 

therefore^^  the  same  for  entrant  plane-waves  whether  the 
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surface  be  convex  or  concave,  the  sign  of  F  following  the 
sign  of  R.  For  the  case  of  any  two  media  having  respec¬ 
tive  velocity-constants  hx  and  h2. ,  the  formula  becomes 


F=R 


hi  -  h, 
hi 


[5] 


A  plane  wave  traversing  a  medium  with  velocity  h  and 
emerging  through  a  curved  surface  into  air  has  a  curvature 
imprinted  upon  it  that  is  of  opposite  sign  to  that  of  the 
surface  itself.  If  the  wave  travelling  to  the  right  emerges 
through  a  (hollow)  surface  whose  centre  of  curvature  lies  to 
the  right,  the  acquired  focal  curvature  will  have  its  centre 
to  the  left,  or  will  be  negative  ;  and  its  relation  to  the 
curvature  (R)  of  the  surface  is  given  by  the  rule 


[6] 


As  before,  for  any  two  media  having  respective  velocity- 
constants  hx  and  k0,  the  formula  becomes  4 

F=Rhzht  q£>  [5  bis] 

which,  in  the  present  case  wherCy/jV/.,,  will  give  A  of 
opposite  sign  to  R.  “Cj 

The  cases  in  which  a  wav^pf^essing  initial  curvature 
passes  through  a  curved  si$dace  and  acquires  a  resultant 
curvature  may  be  dealt  w(JT^apart  from  any  further  geo¬ 
metrical  constructions,  Jjy .applying  the  principle  of  super¬ 
position  of  curvaturq^N^Thus,  take  the  case  of  a  wave 
possessing  initia  ure  U  entering  from  air  into  a 

medium  having>^v^city-constant  //,  and  so  curved  that  the 
focal  power  the  curved  surface  is  F.  Then,  as  the  wave 
enters  the  surface  of  the  medium  two  effects  will  occur  : 
its  initi^l^flfvature  will  be  altered  in  the  ratio  of  the  velo¬ 
cities.  J3&  there  will  be  superposed  upon  it  the  focal  curva- 
tu^H^the  surface ;  or,  in  symbols, 


."0 


A 


V1  =  kU+F1 


[7] 
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For  an  emergent  wave,  possessing  initial  curvature  U  in  the 
medium,  the  formula  will  be 

V2=jU+F2  .  .  [8] 

Or,  for  the  case  of  a  wave  passing  from  a  medium  of 
velocity-constant  hx  to  another  of  velocity-constant  //2,  the 
formula  will  be 

V=jU+F  .  .  [9] 

It  is  easy,  however,  to  prove  any  one  of  the  several  cases 
that  may  arise,  without  in  this  way  relying  upon  the 
principle  of  superposition. 


Lens  Formula 


In  the  case  of  a  lens,  the  curvature  F1  imprinted  on 
a  plane  wave  by  entrance  at  the  first  surface  inAv  be 
regarded  as  an  initial  curvature  of  the  wa^Cv^iich 
emerges  through  the  second  surface.  Emergen^jlhto  air 


will,  as  shown  above,  alter  the  curvature 
in  the  ratio  of  1  to  and  superpose 
curvature  F2  due  to  the  second  surface, 
resultant  curvature  F  imprinted  by 
wave  will  be  ' 

^=7/1+©^ 


enting  it 
the  focal 
the  whole 
on  the  plane 


But 


and 


whence 


66 


LIGHT 


LECT.  I 


This  formula  may  be  compared  with  that  in  the  current 
notation, 

MHK* 

Fig.  20  (p.  36),  gives  an  illustration,  in  which  however 
is  zero,  as  the  first  face  of  the  lens  is  flat. 

In  the  case  of  a  lens  composed  of  a  medium  h 9,  lying 
between  two  other  media  and  ks,  the  formula  becomes 


F=  -p-2  { UK  -  K)K + UK  -  K)h  1} 


[n] 


The  general  formula  [10]  for  the  power  of  any  lens 
consists  of  two  factors — one  depending  solely  on  the  shape 
of  the  lens,  the  other  upon  its  material.  The  latter  factor, 

or  fji-  1,  is  a  mere  numeric;  whilst  the  former,  being 

the  difference  of  two  curvatures,  is  itself  a  curvature.  If . 
the  curvature  thus  determined  by  shape  solely  is  expressed 
in  dioptries,  then,  on  multiplying  by  the  numeric  which 
depends  on  the  nature  of  the  material,  the  resuljVnt  power 
of  the  lens  will  also  be  expressed  directly  in^ropfries.  In 
the  optician’s  “lens-measurer”  (p.  58)  the^©l  readings  are 
already  corrected  by  being  multiplied  b^TN^  numeric,  thus 
obviating  calculation.  vO 

If  the  lens  has  thickness  d,  t^SV^tile  for  expansion  of 
curvature  at  end  of  §  4  above  a(on<:&  gives 

& 


1 1  ±  F\d 


-R. 


[12] 


[13] 


Qji 


'■iversal  Formula  for  Lenses 

The  pie  of  superposition  at  once  gives  the  universal 
formuWw  all  lenses  bounded  by  identical  media  on  the 


.'Q 


A 


O 


& 


F=U+F; 


[14] 
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or,  in  words,  the  resultant  curvature  is  the  algebraic  sum  of 
the  initial  curvature  a?id  the  impressed  curvature.  This 
may  again  be  compared  with  the  formula  in  current 
notation  : 


i_i  _  1 
v  ~  f  u 


The  difference  in  sign  attributed  to  the  term  -  arises  from 


conventions  adopted  in  the  two  systems. 


Formula  for  Two  Thin  Lenses  at  a  Distance  Apart 

The  principle  of  expansion  of  curvature  at  once  gives  us 
as  the  equivalent  focal  power, 


where  F1  and  F2  are  the  focal  powers  of  the  first  and  second 
lenses,  and  d  the  distance  between  them.  F  will  be  in 
dioptries  if  F1  and  F2  are  in  diop  tries  and  d  in  metrleAnits. 
If  the  two  thin  lenses  are  close  together,  theXgsuftant 
power  is  simply  the  algebraic  sum  of  the  pwA&  of  the 
separate  lenses.  One  simply  adds  the  dvmries  of  the 
separate  lenses  to  find  the  results 


Reflexion  Forikut 


The  plane  mirror  (Fig.  4O  Ws  surface  SMS'.  The 
incident  wave  would  have^^jmtf  front  SAS'  at  a  certain 
instant  had  its  path  JaupW^olly  in  air.  The  central 
portion  of  the  wave,  wS^JKvould  have  reached  A, ‘travels 
backwards  to  B,  ^anQqual  distance,  in  the  same  time. 
The  sagitta  BM  \£^the  resultant  curvature  is  equal  to 
and  of  opposkejjjign  to  the  sagitta  AM  of  the  initial 


Thermae  two  cases,  equally  simple,  of  convex  and  con- 
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cave  mirrors.  These  are  separately  shown  in  Figs.  1 3  and  1 4 
(pp.  25,  26),  in  both  of  which  the  incident  waves  are  plane. 
Consider  (Fig.  42)  a  plane  wave  which  at  a  certain  instant 
would  have  arrived  at  SAS'  had  its  path  lain  wholly  in  air. 
The  central  portion  of  the  wave  has,  however,  struck  at  M, 
and  marches  backwards  to  B  in  same  time  as  it  would 
have  taken  to  reach  A.  Hence 


BM  =  AM, 

BA  =  2AM. 

But  AM  measures  the  curvature  of  the  mirror,  whilst  BA 
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superposition  at  once  leads  to  a  general  formula,  expressing 
the  sum  of  the  two  actions  of  the  mirror  on  the  wave ;  it 
reverses  its  initial  curvature,  and  then  imprints  a  focal 
curvature  upon  it.  In  symbols, 

V=  -  U+F  .  .  [18] 

The  application  of  wave  principles  to  find  the  direction 
of  a  refracted  beam  is  best  handled  by  Ampere’s  modifica¬ 
tion  of  Huygens’s  construction,  as  in  Fig.  43.  In  that 
figure  the  dispersion  produced  by  the  difference  between 
the  velocities  of  light  of  different  colours  is  also  illustrated. 
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circle  only)  with  radius  0*625  to  show  how  far  the  red  wave 
would  have  penetrated  in  glass,  one  (also  a  semicircle)  with 
radius  0*583  to  show  how  far  the  violet  wave  would  have 
travelled  in  glass  in  the  same  time.  Now  produce  OA  to 
B,  and  at  B  draw  a  tangent  meeting  the  surface  of  the  glass 
at  E.  From  E  now  draw  as  many  tangents  as  you  can  to 
the  circles,  to  represent  the  wave-fronts.  EC  will  be  the 
wave-front  of  that  part  of  the  light  which  is  reflected  back 
in  the  direction  OC  ;  ER  will  be  the  wave-front  of  the  red 
light  refracted  down  along  the  direction  OR ;  and  EV  will 
be  the  wave-front  of  the  violet  light  refracted  down  the 
direction  OV. 


LECTURE  II 


THE  VISIBLE  SPECTRUM  AND  THE  EYE 


Colour  and  wave-length — Rainbow  tints — The  spectrum  of  visible 
colours — Spectrum  made  by  prism — Spectrum  made  by  grating 
— Composition  of  white  light — Experiments  on  mixing  colours 
— Analysis  of  colours — Blue  and  yellow  mixed  make  white,  not 
green  —  Complementary  tints  —  Contrast  tints  produced  by 
fatigue  of  eye — Other  effects  of  persistence  of  vision — Zoetrope 
— Animatograph 

Waves  of  light  are  not  all  of  the  same  wave-lengH!^  The 
difference  of  size  makes  itself  known  to  w^eyes  as 
colour.  Just  as  the  sounds  of  differen>>kave- lengths 
produce  in  our  ears  perceptible  differences  in  pitch,  so 
the  lights  of  different  wave-length^pio&uce  in  our  eyes 
different  sensations,  which  we  c^colour.  Any  simple 
kind  of  light — I  s  lg-mere  of  mixtures — can 


be  described  in  two  wayi 
colour-sensation  whicl^J0 
more  accurately,  b%  £\hng 


two  way^JQither  (i)  by  stating  the 
whicl^J^pfoduces  on  the  eye,  or  (2) 
b%  tft\hng  what  its  wave-length  or  the 


frequency  of  its  \\£)jJitions  is.  To  ascertain  the  wave¬ 
length  of  any^iprticular  kind  of  simple  light  may  not 
be  a  very^©y  matter,  but  when  once  it  has  been 
measur^bothe  statement  of  the  wave  -  length  is  an 
lescription. 
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To  begin  then,  here  is  a  table  in  which  I  have  set 
down,  in  their  order  according  to  wave-length,  biggest 
first,  the  various  kinds  of  simple  light  that  are  visible  to 
the  eye. 


Table  I. — Colours  of  the  Spectrum 


Name  of  Colour. 

Wave-length 
in  millionths  of 
an  inch. 

Wave-length 
in  millionths  of  a 
centimetre. 

Extremest  red 

32*4 

81  *o 

Red  ... 

26 ‘O 

65*0 

Orange 

23‘3 

583 

Yellow 

22  ’O 

55*i 

Green  .... 

20*5 

51'2 

Peacock 

19*0 

47 ’5 

Blue  .... 

18-0 

44 ’9 

Violet  .... 

i6-o 

40*0 

Extreme  violet 

14-4 

You  will  note  that  the  red  waves  arofHpbut  twenty-six 
millionths  of  an  inch  long  (i.e.  abo^^^^j-  of  an  inch), 
while  the  violet  waves  are  a  little^Qre  than  half  as  great, 
namely,  sixteen  millionths  oTarMnch  in  wave-length  (i.e. 
about  00J00  of  an  inch).  CF  the  other  simple  kinds 
of  light  are  of  intermechagfsize.  You  will  note  the  names 
of  the  colours.  In  yfep^)!ist  you  will  find  neither  white 
nor  black,  for  wlm(as  I  shall  presently  show  you)  is  a 
mixture  of  alKTfpse  simple  colours,  and  black  is  simply 
the  absenc^oiall  light — a  mere  darkness. 

Now^^d  set  of  colours  can  be  produced  naturally 
^  roper  order  in  several  different  ways.  The 
t  way  is  to  take  some  white  light  which  contains 
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all  these  colours  mixed  up  together,  and  sort  them  out. 
But  how  ?  That  is  what  I  want  you  to  understand.  In 
nature  we  find  them  sorted  out  in  the  rainbow,  where 
these  tints  stand  side  by  side.  Can  we  make  an  artificial 
rainbow  ?  How  is  a  rainbow  made  ?  Of  the  smiles  of 
Heaven  commingled  with  the  tears  of  Earth,  if  we 
believe  the  poets.1  Of  sunlight  and  raindrops — (is  it 
not  ?) — which  refract  the  light,  and  in  refracting  it  sort 
out  the  different  kinds  of  light,  and  display  them  in  their 
proper  order.  Perhaps  that  is  a  very  incomplete  de¬ 
scription  of  the  operation  of  building  a  rainbow,  but  it  is 
good  enough  to  give  us  a  hint  towards  experiments. 

Here  is  an  optical  lantern,  with  an  electric  arc-lamp 
inside,  a  sort  of  miniature  sun  to  give  us  white  beams  of 
light.  We  let  the  light  pass  out  in  a  fine  straight  beam, 
and  in  that  beam  we  place — to  serve  as  a  sort  of  mag¬ 
nified  raindrop — this  sphere  of  water  containedd^mthin 
shell  of  glass.  '  See  the  bow  which  it  casts  teck  upon 
the  whitened  screen.  You  can  recognise  tl^pfsual  tints, 
though  they  are  not  so  brilliant  as  in  th^Otural  bow. 

But  having  got  our  clue  to  exrariraJnt,  let  us  go  on 
farther.  Try  instead  of  the  bulbil Sferee-cornered  bottle 
full  of  water.  We  have  now  no<0w.  The  beam  of  light 
is  abruptly  turned  upward  in|S0f  a  new  direction,  and  falls 
upon  the  wall  or  ceiling.  ^fept,  though  we  have .  lost  the 
shape  of  the  arch  we  gained  in  the  development  of 
the  rainbow  hues.  Are  have  now  a  brilliantly  coloured, 
though  rather*  ijdpmous,  colour-patch.  Try  again,  and 

cv 

1  “We  Evening  Rainbows,  that  at  once  shine  and 

Weep — tli^^^nade  up  of  reflected  splendor  and  our  own  Tears. 

S.  T,  Clh 
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this  time  try  the  effect  of  varying  the  liquid.  Here  is  a 
three-cornered  bottle  full  of  turpentine.  The  angular 
deviation  of  the  colour-patch  has  become  greater,  but  so 
has  the  breadth  of  our  set  of  tints.  Try  oil  of  cinnamon, 
it  is  still  better.  Try  bisulphide  of  carbon,  still  more 
brilliant  though  still  fuzzy  at  the  edges.  Naturally,  one 
begins  to  think  that  if  a  transparent  three-cornered  bottle 
full  of  liquid  will  thus  display  rainbow  effects,  a  three- 
cornered  piece  of  transparent  glass  ought  to  do  the  same. 
So  it  does :  and  so  we  have  arrived  at  the  use  of  the 
well-known  glass  prism  to  produce  a  spectrum  of  colours. 
The  word  spectrum  means  simply  “  an  appearance  ”  :  in 
this  case  an  appearance  of  colours — the  colours  sorted 
out  in  their  order.  To  emphasise  the  fact  that  the 
spectrum  is  in  this  case  produced  by  use  of  a  prism,  it  is 
sometimes  called  the  “  prismatic  spectrum.^’  In  all 
cases  you  will  have  noticed  that  the  ordery^vtfte  colours 
is  the  same,  and  that  the  red  light  is^^ays  refracted 
least,  and  the  violet  light  refracted  If  the  refrac¬ 

tions  of  these  colours  were  e  ire  prism  would  not 


separate  them.  The  differenc  e  refractions  between 
the  most-refracted  (violet)  st-refracted  (red),  of 

the  visible  kinds  of  light, O  sometimes  called  “the  dis- 


0 


We  have  now^d0jo#he  stage  of  Newton’s  researches, 
but  there  is  orjjCvwrther  improvement  to  make,  which 
was  indeed  t^ejfoy  him.  Let  us  try  the  effect  of  alter¬ 
ing  the  a^erpgement  of  our  beam  of  light.  You  see  we 
have  using  a  beam  streaming  out  through  a  round 
ho^N^vhen  nothing  is  interposed  it  falls  in  a  round  spot 


ist  the  wall.  Newton  used  sunlight  streaming 
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through  a  hole  in  a  shutter.  Well,  let  us  try  the  effect 
of  using  holes  of  different  sizes  and  shapes.  And,  while 
we  are  about  it,  let  us  try  the  effect  of  focusing  on  the 
wall  the  image  of  the  aperture — by  interposing  a  positive 
lens — so  as  to  work  with  a  well-defined  spot  of  light 
instead  of  a  fuzzy  patch. 

We  begin  by  using  round  holes  of  different  sizes, 
which  we  can  try  one  after  the  other.  Now,  interpose 
the  prism — the  best  one  of  those  yet  tried — in  the  path 
of  the  light.  You  see  that  when  the  aperture  used  is  a 
large  circular  hole,  the  colours  overlap  much  near  the 
middle  and  give  a  mixed  effect.  Whereas  when  we  use 
a  smaller  hole,  though  we  have  less  total  light,  the 
colours  are  more  intense,  simply  because  they  overlap 
less.  Well,  then,  let  us  take  the  hint,  and  substitute  for 
the  small  round  hole  a  narrow  slit.  By  employing  a  slit 
with  movable  jaws  (like  a  parallel  ruler)  we  ca^Jqjust 
it  to  be  as  wide  or  as  narrow  as  we  like.  Agm^we  find 
that  if  the  slit  is  too  wide  the  colours  ojGplap,  while 
with  a  narrow  slit  the  tints  are  more  infXJ^e. 

Our  successive  improvements  l^Tw\then  led  us  to 
the  following  combination :  a  slfi^to  limit  our  beam,  a 
lens  to  focus  the  image  of  the  Qt  as  a  fine  white  line 
on  the  screen,  and  a  prism-^w&ch,  in  refracting  the  light 
of  the  lamp,  also  spliteJP^p^Fig.  44)  into  the  various 
colours  of  which  it  is  pY^pounded. 

Perhaps  you  tl^njt 
proved  to  desmfijp  the  action  of  the  prism  as  splitting 
up  the  light  xOne  lamp  into  the  colours  of  which  it  is 
compouEMhqv  Well,  I  admit,  the  phrase  “splitting  it 
up  ”  isrnhr  the  best  that  might  be  selected ;  “  sorting  it 


I  am  assuming  things  not  yet 
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out  ”  would  be  a  better  phrase.  But  each  of  these 
phrases  carries  in  its  use  the  assumption  that  the  white 
light  is  a  mixture  that  can  be  split  up  or  sorted  out  into 
simpler  constituents.  That  is  precisely  Newton's  great 
discovery.  White  light,  supposed  down  to  that  time 
to  be  itself  a  simple  thing,  was  found  and  proved  by 
him  to  be  a  mixture.  The  prism  added  nothing  to  the 
white  light,  it  simply  spread  out  the  constituents  in  their 


O 


Fig. 


natural  order.  More  than  S^mndred  years  afterwards  the 
great  poet  and  dramatist  ©ethe  — “  master  of  those  who 
know  ” — fought  agaiftSC^this  idea,  and  threw  the  whole 
weight  of  his  g^  1  demonstrate,  in  his  Farbenlehre , 

the  erroneous  rfarure  of  Newton’s  views.  According  to 
him  the  pr^rp)  does  not  merely  spread  out  the  simple 
constitue&j  of  white  light :  it  takes  simple  white  light 
and  a<@  something  to  it  which  gives  it  a  tint  of  one 
s^Npr  another.  But  it  was  in  vain.  Beautiful  as  many 
my^ioethe’s  experimental  researches  were,  his  theory 
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died  of  inanition.  To-day  not  a  single  scientific  man, 
even  in  Germany,  holds  Goethe’s  theory  of  optics; 
though  his  fame  as  a  poet  stands  immortal. 

Before  we  follow  the  quest  of  those  other  experi¬ 
ments  by  which  Newton’s  theory  of  the  compound 
nature  of  white  light  is  established,  let  me  show  you  a 
second  method  of  spreading  out  white  light  into  a  spec¬ 
trum  of  colours.  In  this  case  I  use  no  prism  ;  and  the 
effect  will  not  be  produced  by  refraction  through  any 
transparent  solid  or  liquid.  Instead,  I  employ  the  little 
instrument  which  I  hold  in  my  hand.  It  is  called  a 
“diffraction  grating.”  It  is  simply  a  polished  mirror  of 
hard  bronze,  a  little  more  than  two  inches  wide,  across  the 
surface  of  which  there  have  been  ruled  with  a  diamond 
a  large  number  of  parallel  and  equidistant  scratches. 
You  may  think  it  odd  to  call  a  scratched  mirror  a 
“grating.”  But  the  fact  is  that  the  properti^iroos- 
sesses  were  originally  discovered  by  the  use  cCJgfatings 
made  of  fine  wires.  It  would  be  quite  iirmjOT^ble,  how¬ 
ever,  to  make  a  grating  with  wires  H^-«ne  as  these 
scratches.  When  you  want  to  /produce  a  perfect 
diffraction  grating  there  is  noth^g^-for  it  but  to  rule 
diamond  scratches ;  and  they  n^ir  be  ruled  by  machin- 
nfrv»/^cf  nr^icmn  ^*^er  the  face  of  this  little 
about  30,000  parallel 


lines,  and  not  one  of  is  a  millionth  of  an  inch  out 

of  its  proper  plac^jM  was  ruled  at  Baltimore  on  Pro¬ 
fessor  Rowland’^ynachine.  The  exact  number  of  lines 
is  14,400  sidefly^side  to  the  inch. 


I  se^  grating  so  that  the  light  of  my  lantern, 

issuing  Through  the  slit,  falls  upon  it,  and  you  see  the 
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spectrum  that  it  casts  upon  the  wall.  This  is  not  a 
prismatic  spectrum ,  for  there  is  no  prism.  It  is  a  diffrac¬ 
tion  spectrum;  and  that  is  not  quite  the  same  thing. 
As  a  matter  of  fact  the  grating,  as  you  see,  casts  on  the 
wall  a  whole  series  of  spectra.  It  reflects  back  centrally 
a  white  image  of  the  slit.  Right  and  left  we  have  on 
each  side  a  bright  spectrum  with  all  the  colours.  Then, 
still  farther  away  on  each  side,  a  rather  longer  and 
nearly  equally  brilliant  spectrum  of  the  second  order; 
while,  more  dimly,  and  slightly  overlapping  one  another, 
we  have  spectra  of  the  third  and  fourth  orders.  We 
will  deal  only,  however,  with  the  first  bright  spectrum. 
There  are  our  rainbow  tints  in  their  order  as  before. 
But  note  that  now  it  is  the  red  light  that  seems  to  have 
been  turned  most  aside,  and  the  violet  light  which  is 
least.  Note,  further,  that  while  the  order  of4,Ke  colours 
between  red  and  violet  is  the  same  as  ioMe  prismatic 
spectrum,  the  spacing  of  them  is  not  t^N^ame.  In  the 
prismatic  spectrum  the  orange  is  MHdled  up  toward 
the  red,  and  the  yellow  toward^ttffe'  orange ;  while  the 
violet  and  blue  are  highly  d^o^gated.  In  the  diffrac¬ 
tion  spectrum  the  red  endjknot  squeezed  together  un¬ 
duly,  nor  the  violet  end^nmily  drawn  out. 


Time  will  not  all 


to  dwell  on  the  reasons  for 


these  differenc  e^V0afl  ice  it  to  say  that  they  depend 
upon  the  w^y^Ijhgths  of  the  different  kinds  of  light, 
yjfons  on  the  one  hand  to  the  size  of  the 
moleculC^J  the  refracting  prism,  and  on  the  other  hand 
to  tha^Dith  of  the  bars  of  the  grating. 

OO&dentally  you  may  be  interested  in  knowing  that 
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this  property  of  diffraction,  which  belongs  to  the  surface 
that  has  thus  been  covered  with  parallel  scratches,  can 
be  transferred  from  the  grating  to  another  surface  by 
merely  taking  a  cast.  Here  is  a  cast  made  in  gutta¬ 
percha  1  from  the  grating ;  it  is  itself  a  grating.  Like  the 
bronze  original  it  glitters  with  rainbow  tints,  and  will 
throw  a  set  of  spectra  on  the  wall.  Mother-of-pearl 
glitters  with  rainbow-tints  for  precisely  the  same  general 
reason,  it  possesses  naturally  a  structure  of  fine  striations 
or  ridges  which  produce  (rather  irregularly)  diffraction. 
But  as  the  ridges  are  not  quite  equidistant,  the  tints  are 
never  pure.  But,  do  you  know,  if  you  will  take  with 
sealing  wax — black  wax  is  best — an  impression  from  a 
piece  of  mother-of-pearl,  you  will  find  it  glitter  just  as 
the  mother-of-pearl  does. 

Whichever  of  these  two  means  we  use — prism  or 
grating — of  producing  a  spectrum,  you  will  note/rabt 
what  we  do  is  to  sort  out  the  mixture  into  con¬ 
stituents  ;  we  analyse  the  light.  Presently  v^Qhall  be 
able  to  make  use  of  this  sorting  process  tcy^slfcover  what 
some  of  the  compound  colours  are  mae^Qp  of.  But  in 
the  meantime  we  will  return  to  the^Dromatic  method  to 
show  some  further  experiments. 

To  produce  a  good  archedj^jpbow  artificially,  but  in 
all  the  splendour  of  the  nateraQcolours,  I  have  recourse 
to  a  specially  constructeiK^ompound  conical  prism.  A 
glass  cone  of  light  crtfwMlass  is  mounted  with  its  point 
turned  inward  within  a  hollow  truncated  cone 

of  glass,  the  fac^vir  which  is  closed  with  a  glass  plate. 
The  annula^phce  is  filled  with  a  highly  refracting  liquid, 

1  Macl^by  Mr.  E.  Rousseau  ;  see  footnote,  p.  31  ante. 
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cinnamic  ether.1  An  annular  slit  in  a  plate  of  tin-foil  is 
fixed  against  the  end  of  the  cone ;  and  the  whole  prism 


Fig.  45. 


is  placed  in  a  nearly  parallel  beam  of  light^suing  from 
the  lantern.  Beyond  it  is  a  lens  to  f&^snhe  light. 


isid^prisms,  for  it  has 
tVWne  kind  of  the  light 


1  This  liquid  is  excellent  for  direct-visj* 
exactly  the  same  mean  refractive  index j 

crown  glasses  made  at  Jena.  Figs.Jf&rfd  4 7  depict  the  direct 
vision  prism  with  parallel  end-faca>?^^ned  by  the  author  in  1889, 
and  constructed  by  Messrs.  R.  mulV^eck.  A  prism  A  of  this  glass 


S> 


A 


Fig.  47. 

Ifracting  angle  of  1350  is  immersed  in  a  glass  cell  filled  with 
rlic  ether.  Yellow  light,  as  shown  in  Fig.  4 7,  goes  straight 
biigh,  while  red  light  is  thrown  to  one  side  and  violet  to  the  other, 
^is  prism  is  very  suitable  for  projecting  the  spectrum  on  the  screen. 


II 


VISIBLE  SPECTRUM  AND  THE  EYE 


81 


Thus  we  project  upon  the  white  screen  in  almost  exactly 
true  proportions  a  rainbow.  Note  the  order  of  the 
colours,  red  along  the  outer  edge,  then  orange,  a  trace 
of  yellow,  green,  peacock,  blue,  and  lastly  violet  along 
the  inner  edge.  This  is  the  correct  order  as  in  the 
natural  rainbow.  But  you  often  see  it  incorrectly  de¬ 
picted  by  artists — they  put  the  colours  in  the  wrong 
order,  or  with  the  red  along  the  inner  edge  and  the 
violet  along  the  outer. 

My  assistant  will  now  give  us  upon  the  screen  the 
bright  spectrum  which  we  saw  before,  in  order  that  we 
may  study  the  effects  of  the  different  kinds  of  light  on 
coloured  stuffs.  Here  is  a  piece  of  blue  drapery,  and 
here  a  piece  of  scarlet.  What  is  the  effect  of  putting 
these  into  the  spectrum,  first  into  one  kind  of  light,  and 
then  into  another?  If  we  put  the  blue  stuff  into  the 
red  or  orange  or  yellow  light  it  looks  simply  blacL/Sut 
in  the  blue  part  of  the  spectrum  it  looks  bluernVthe 
violet  part  it  looks  violet,  in  the  green  paq(pQ*  looks 
green.  Clearly  the  surface  of  it  is  incap£*b©of  reflect¬ 
ing  back  either  red,  orange,  or  yellowj-o^Te  it  is  cap¬ 
able  of  reflecting  back  green,  blue,  ^nH-^iolet.  In  fact, 
when  ordinary  daylight  falls  on  absorbs  some  of 

the  waves  anH  Hestrnvs  them  simile  it  reflerts  hark  tn 


red,  and  in 
orange  and 
the  spectral 


our  eyes  some  others  of  th< 
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and  suppresses  all  the  violet,  blue,  peacock,  and  green 
rays,  and  reflects  back  only  those  at  the  red  end  of  the 
spectrum.  But,  of  course,  it  would  only  look  red  if 
there  was  some  red  light  present.  And  the  blue  stuff 
would  only  look  blue  if  there  was  some  blue  light  pre¬ 
sent.  The  colour  is  really  not  in  the  stuff,  it  is  in  the 
light  that  the  stuff  reflects. 

To  prove  this  let  us  see  how  these  red  and  blue  stuffs 
appear  when  we  shine  upon  them 
some  light  that  has  neither  red,  nor 
blue,  nor  green,  nor  violet  in  it,  but 
has  yellow  only.  The  monochro¬ 
matic  lamp  which  Professor  Tyndall 
used  to  employ  here  (Fig.  48)  has 
been  lit.  It  consists  of  an  atmo¬ 
spheric  gas-burner,  into  the  dim 
flame  of  which  salt  is\  projected,1 
making  a  splendid^ydlow  flame 
devoid  of  every  kind  of  light. 
I  hold  these  toys  and  red  stuffs  in 
the  light  oi"&e  yellow  flame.  The 
one  ap]^a/s4imply  black,  the  other 
a  drfKgray.  A  set  of  stripes  of 
Dlours  painted  upon  a  board 
ys  and  blacks,  except  the  yellow 


appear  simply  dull  1  „ 

stripe,  which  se^^Brighter  than  all  the  others.  Even 
gaily-coloured  levers  seem  merely  black  or  gray ;  while 

1  The^Jjs  contained  in  an  annular  pan  at  the  top  of  an  external 
taperingQumney  of  sheet  iron.  This  annular  pan  has  a  gauze 
bottojCSh rough  which  on  tapping  the  chimney  the  salt  falls  in  fine 
NT  •  into  the  flame. 


Fig.  48. 
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the  complexion  of  the  human  countenance  appears 
simply  ghastly. 

Now  if  Newton's  view  is  correct  that  white  light 
consists  of  the  lights  of  various  colours  mixed  up 
together,  it  ought  to  be  possible  to  make  white  light 
by  taking  lights  of  all  the  various  colours  and  mixing 
them  together.  Do  not  try  to  mix  together  pigments 
out  of  your  paint  box — they  won’t  make  white  paint 
when  mixed.  That  is  because  pigments  are  not  lights 
— they  are  darknesses  rather  than  lights.  Think  for  an 
instant  what  you  do  when  you  want  to  paint  a  card 
crimson.  You  take  a  piece  of  white  card,  and  paint  over 
it  a  pigment  which  darkens  it,  so  that  it  sends  back  to 
your  eyes  crimson  only,  and  absorbs  the  other  parts  of 
the  white  light.  No,  you  must  not  mix  pigments — you 
must  mix  lights,  and  mix  them  in  the  correct  proportions. 

Now  there  are  several  ways  of  doing  this;  an^^rst 
of  them  we  will  take  the  spectrum  colours  ancj^rcom- 
bine  them  to  produce  white  light.  We  talrfQhe  spec¬ 
trum  light  as  it  issues  obliquely  from  ti^prism,  and 
reflect  it  upon  the  screen  with  a  piece^Slvered  mirror- 
glass.  By  simply  waggling  the  irinef-  glass  upon  its 
stand,  we  cause  the  spectrum  to  Q&llate  rapidly  across 
the  screen.  The  colours  thenOJl  blend  by  rapid  super¬ 
position,  and  we  obtain  a  wh£^)band  bordered  by  colour 
only  at  the  ends. 

Another  way  to  rtf£bn*oine  the  spectrum  is  to  employ 
a  cylindrical  lens  (gig.  33,  p.  49),  so  placed  in  the  path  of 
the  diverging  ca&ffed  rays  that  it  collects  them  back 
to  a  focus  wrfhe  screen,  and  gives  us  back  the  image  of 
our  slit  aS^wbite  streak. 
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An  independent  plan,  suggested  by  Newton,  is  to 

paint  upon  a  circular  card1 
(Fig.  49),  in  narrow  sec¬ 
tors,  the  various  tints  in 
proportions  ascertained  by 
experiment  to  give  the  best 
result;  and  then,  putting 
this  upon  a  small  whirling- 
table,  spin  it  round  so  fast 
that  the  colours  all  blend 
in  the  eye,  giving,  when 
well  illuminated  against  a 
black  background,  the 
effect  of  white.  A  similar 
arrangement  can  be  made 
for  use  in  the  lantern,  the 


sector-disk 


trans^*©} 


mg  painted 
it  tints,  or 


Fig.  49. 

coloured  by  affixing  narrow  wedges 
of  coloured  transparent  gelatine.  - 

This  method  of  colour  -jaai0ig 
by  whirling  round  before*  m©/  eye 
surfaces  tinted  with  tl^^colours 
desired  to  be  mixed.  ^  capable  of 
extension  to  othew£i)es.  Suppose 
we  wish,  for  exampfe,  to  mix  red  and 
green,  or  bb(ejm  orange  together,  we  have  only  to  paint 

1  The<cq$mr-whirler  actually  shown  was  lent  by  Messrs.  Harvey 
and  PeafcOtfJo  use  strips  of  brilliantly  tinted  paper  pasted  upon  a 
card  irf^pdi  a  way  as  to  repeat  the  gamut  of  colours  from  red  to 
times  around  the  circle.  If  the  colours  are  thus  repeated 
ihS^ard  does  not  require  to  be  whirled  very  fast  to  produce  white. 


Fig.  50. 
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a  round  disk  (Fig.  50)  with  the  colours  desired  to  be 
mixed,  either  in  semicircles,  quadrants,  or  in  any  other 
desired  proportion,  and  place  them .  upon  a  whirling 
machine  to  see  the  effect. 

The  arrangement  which  I  now  show  offers  an  im¬ 
provement  in  several  respects.  Upon  the  whirling- 
table  is  fixed  a  light 
cylinder  of  wood, 
which  is  slightly 
tapered  toward  the 
top,  so  that  over  it 
may  easily  be  slipped 
a  paper  sleeve  or 
tube  upon  which  the 
colours  are  painted. 

I  have  here  several 
of  these  paper  tubes. 

The  colours  (in  most 
cases  coloured  paper 
being  cut  to  shape 
and  pasted  on)  to  be 
mixed  are  arranged 
in  two  sets  of  narrow  ^ 

triangles,  as  shown  in  theQgure.  When  these  are 
whirled,  one  gets  con&^tfons  in  all  proportions. 
For  instance,  if  red^s^h  green  are  the  two  colours 
chosen,  one  end  oKjtne  revolving  surface  is  full  red, 
the  other  full  &fe2n,  and  the  colours  gradually  fade 
one  into  tha-^ttier.  About  the  middle,  one  obtains 
a  curiou^>^ty,  which  if  seen  by  daylight  looks  rather 
greenishy;  out  by  gas-light  or  lamp-light  looks  rather 
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reddish  owing  to  the  greater  relative  prevalence  of  red 
waves  in  artificial  light.  This  change  of  apparent  tint 
is  similar  to  that  observed  in  the  rare  gem  called  the 
alexandrite,1  which  is  green  by  day  and  deep  red  by  night. 

Returning  from  the  operations  of  colour-mixing  by 
rotation,  I  return  to  the  property  of  the  prism  to  analyse 
mixed  lights  by  spreading  out  the  constituent  colours  as 
a  spectrum.  Newton  tried  an  experiment  to  see  whether 
if  you  took  light  of  one  tint  alone  you  could  split  it  up 
still  further  by  passing  it  through  a  second  prism.  I 
introduce  across  the  path  of  the  spectrum  on  its  way  to 
the  screen  a  diaphragm  of  cardboard,  having  a  narrow 
slit  in  it.  I  push  it  along  so  that  the  slit  allows  waves  of 
but  one  particular  colour — say  green — to  pass.  Now,  if 
I  interpose  beyond  this  slit  a  second  prism,  I  find  that 
it  turns  the  beam  of  green  light  round  at  an^gle,  and 
widens  it  out  a  little  more,  but  it  does  not  sH|jt  1!  up  into 
any  other  colours :  it  is  still  a  green  betvr*^  So  it  would 
be  with  any  other.  When  once  vo/rvfeave  procured  a 
simple  tint  by  dispersing  away  tha^wler  colours  to  right 
and  left,  the  prism  effects  no  analysis 2  of  colour. 

1  A  gem  of  the  emerald  sp^c)es  found  in  a  mine  in  Siberia  be¬ 
longing  to  the  Imperial  Russian  family. 

2  In  this  sense  every  pirf^Spectrum  tint  is  a  primary  tint,  and  the 

number  of  such  tints  of  further  analysis  is  infinite.  Each 

kind  of  light  of  a  gbn^^vave-length  is  thus  a  simple  tint.  But  the 
eye  possesses  th/ee  Afferent  sensations  of  colour,  each  of  which  is 
physiologically  zNfrfimary  sensation.  These  three  primaries  are,  a 
red,  a  rathd^f^owish  gi'een ,  and  a  blue-violet.  Any  other  tint  than 
these  exci^jmore  than  one  sensation.  For  instance,  a  pure  spec- 
trun-^AjcSv  excites  both  the  red  and  the  green  sensations ;  there- 
foiy  y^Itow  cannot  be  called  truly  a  primary.  In  the  same  way 
pfeacock  tint  excites  the  green  and  the  blue-violet  sensations. 
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Now  let  us  try  a  few  experiments  in  the  analysis  of 
colours  by  the  prism.  There  are  many  well-recognised 
tints,  known  by  familiar  names,  which  are  not  to  be  seen 
in  the  simple  colours  of  the  spectrum,  for  the  simple 
reason  that  they  are  compound  colours.  In  the  spec¬ 
trum  there  is  no  purple ;  for  purple  is  a  mixture  of  red 
from  one  end  of  the  spectrum  with  violet  or  blue  from 
the  other  end.  Pink  does  not  exist  in  the  spectrum — 
for  pink  is  red,  diluted  by  admixture  with  white,  that  is 
to  say,  with  a  little  of  every  other  colour.  Neither  is 
there  any  chocolate  colour,  which  is  red  or  orange 
diluted  with  black,  that  is  to  say,  a  little  red  or  orange 
spread  where  there  is  no  light  of  any  other  colour. 
Buff,  olive,  russet,  bistre,  slate,  and  many  other  colours 
are  also  compounds.  Well,  whatever  they  are,  the  prism 
can  analyse  them.  Here  is  a  piece  of  gelatine,  such  as 
you  may  get  off  a  Christmas  cracker,  stained  a  b^fiwjiil 
purple.  Why  does  it  look  purple  ?  What  J&c  Is  of 
light  does  it  actually  allow  to  pass  througlPit  that  it 
should  look  purple  ?  I  have  merely  tojj^erpose  it  in 
the  path  of  the  white  light  for  you  the  beautiful 

purple  colour  on  the  screen.  Nfc^v placing  the  prism 
in  front  of  it  you  see  the  purj©  spread  out  into  its 
constitutents.  There  is  redJ2fc  one  end;  there  are 
violet  and  blue  at  the  But  in  between,  where 

orange,  yellow,  greerv a^^eacock  colours  should  come, 
there  is  darkness.  \h£  purple  stain  in  the  gelatine  cuts 
off  all  these  and%Jf&j  the  others  go  by.  Here  is  another 
piece  of  gelatu©stained  with  magenta — you  see  it  lets 
more  red  ^^sMittle  violet  and  blue  go  through.  Here 
is  a  small  $foss  tank  containing  the  pale  purple  liquid 
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known  as  Condy’s  fluid  (permanganate  of  potash) ;  on 
interposing  it  across  the  beam  of  light  through  the  prism 
you  see  (Fig.  52)  that  it  cuts  off  the  yellow  and  greenish 
yellow,  but  transmits  red  and  orange  at  one  end  of  the 
spectrum,  and  at  the  other  violet,  blue,  peacock,  and 
some  green.  Here  are  some  coloured  liquids  in  bottles 
(Fig.  53) ;  red  liquid  (amyl  alcohol  dyed  with  aniline- 
red)  floating  on  the  top  of  a  green  liquid  (cupric 


Violet  Blue  Peacock  Green  Yellow  Orange  Red 


Fig.  52. 


,  Fig.  53. 


<A 

chloride  dissolved  in  dilute  hydrochlorigj^cT)  without 
mixing.  The  red — as  you  see  wheusQCexpose  it  to 
analysis  in  the  spectrum — is  a  goo<T i(gp— it  cuts  off  every 
tint  except  red.  The  green  is  iaJsjfivHairly  good  green — 
it  cuts  off  everything  except  gQ^Vpeacock,  and  a  trace 
of  blue.  What  will  happesSjf  I  now  shake  up  the  two 
solutions  and  mix  then^  r  obtain  a  mixed  liquid1  that 
cuts  off  everything,  is  simply  black.  Many  other 
experiments  of  ^^sfructive  kind  may  be  tried  with 

1  The  liquid*?*  l^^ed  possess  the  very  convenient  property  of 
separating  fron\©4ie  another  in  a  very  few  minutes.  In  preparing 
the  experif  little  trouble  and  care  is  required  to  get  the  solu¬ 

tions  to  b^frce.  By  adding  first  a  little  of  the  red  liquid  and  then 
a  li^dPtaen  as  may  be  required,  and  trying  the  effect  of  shaking 
uiAq^fiquids  may  be  adjusted.  Various  other  colour-combinations 
arepossible  in  this  way. 
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coloured  liquids,  their  apparent  tints  depending  on  the 
kinds  of  light  they  absorb  and  transmit  respectively, 
Any  liquid  which  merely  absorbs  green  will  look  red¬ 
dish,  since  in  the  balance  of  colours  it  transmits,  the 
complementary  red  will  preponderate.  Similarly  any 
liquid  (or  glass)  which  merely  absorbs  the  blue  part  of 
the  spectrum  will  look  yellow.  It  is  even  possible  to 
find  a  liquid,1  which  though  it  looks  yellow  to  the  eye 
really  transmits  nothing  but  green  and  orange,  which 
when  mixed  have  the  same  effect  on  the  eye  as  yellow. 
This  proves  that  the  sensation  of  yellow,  though  it  may 
be  excited  by  a  simple  spectrum  tint  of  a  particular 
wave-length,  can  also  be  excited  by  a  mixture  of  other 
tints,  and  is  therefore  not  a  primary  colour-sensation  as 
red,  green,  and  blue-violet  are. 

And  this  brings  me  to  another  point,  viz.  thpAyhile 
yellow  light  can  be  thus  made  by  mixing^&gether 
orange  and  green  lights,  it  is  found  to  tt^Cf&solutely 
impossible  to  produce  green2  by  mix^ngyVogether  any 
two  other  pure  lights.  Blue  light  mQ^ellow  light,  as 
remarked  above,  do  not  when  nj^d'  produce  green, 
but  white.  This  is  so  fundamental  a  matter  that  it  is 
worth  while  to  illustrate  it  bsUufther  experiment. 

My  assistants  have  t^yfanterns.  From  each  of 
them  there  is  now  Shrt&n  upon  the  screen  a  round 
white  disk  of  light,  *ront  of  one  lantern  is  interposed 
a  film  of  blue  gemt^ie — and  that  disk  turns  unmistak- 

1  Mixed  solufoft£)of  chromic  chloride  and  potassium  bichromate. 

2  Just  as  is  impossible  to  produce  red  light  by  mixture  of 

any  other<j^mple  lights,  or  to  produce  blue-violet  by  admixture 
of  any  oN^sfHwo  simple  lights.  These  three— red,  green,  and  blue- 
viole^keing  the  three  primary  colour  sensations. 
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ably  blue.  In  front  of  the  other  lantern  is  interposed 
a  film  of  yellow  gelatine,  and  the  second  disk  of  light 
on  the  screen  becomes  bright  yellow.  Now  one  of  the 
lanterns  is  turned  a  little  aslant  so  as  to  make  one  of 
the  disks  overlap  the  other  (Fig.  54).  Where  they  over- 


Fig.  «u. 


lap  and  the  lights  mix  we  have — not  greep^bui  white  ! 


I  put  in  the  lantern  a  colour-whirleQsnaving  a  disk 
covered  over  half  with  blue  andrwtlf  with  yellow 
gelatine,  and  on  whirling  it  rounoPjfte  blue  and  yellow 
mix,  and  make  white.  , 


Here  is  an  experiment /^at  any  boy  might  make  at 


home*  A  cardboard  disk  is  divided 


injQkwelve  sectors,  six  of  which  are 
JoVered  with  blue  paper,  and  the 
alternate  six  with  yellow  (Fig.  55). 
[  put  a  pin  through  the  centre,  and 
spin  it  round  by  hand — and  behold 
blue  and  yellow  are  mixed,  and 
make  white. 


le  of  “  complementary  ”  tints  to  any 
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pair  of  tints  which  thus  mixed  together  make  white. 
That  is  to  say,  if  any  two  tints  are  so  related  that  each 
contains  the  constituents  that  are  wanting  in  the  other, 
then  we  describe  them  as  the  complement  one  of  the 
other.  Here  is  a  table  of  some  tints  which  experience 
shows  to  be  complementary  one  to  the  other : — 


Table  II. — Complementary  Tints 


Crimson  is  complementary  to 

Moss  green 

Scarlet  ,, 

Peacock 

Orange  , , 

Turquoise 

Yellow  ,, 

Blue 

Primrose  ,, 

Violet 

Green-yellow  ,, 

Purple 

There  are  other  cases  also  not  set  down  on. 

Now  seeing  that  the  sensation  of  white  is  jQst  excited 
unless  all  three  primary  sensations  1  (redL^y^en,  violet), 
are  stimulated  at  the  same  time,  it^sQ^ar  that  when 
two  colours  are  found  that  are  cc^Tj/lutnentary  to  one 
another,  by  no  possibility  can  bp3k  be  primary  colours. 
One  may  be,  but  in  that  ^ase  the  other  will  be  a 
mixture  of  the  two  othertfrcnaries.  If  primary  red  is 
one  of  the  two  compl^reritary  tints  the  other  will  be  a 
bluish -green  or  colour  made  up  of  primary 

green  and  primary Sine-violet  mixed. 

Probably  msS^of  you  are  aware  of  the  subjective 
colours  tl}a>"we  seen  on  closing  the  eyes  after  looking 

>\Ny 

1  TheV^w  that  is  primary  is  a  full  red.  The  green  that  is 
prima^Aa  rather  yellowish-green,  the  violet  a  rather  bluish-violet. 
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at  a  bright  light.  These  are  connected  with  the  fatigue 
of  the  nerve,  and  with  the  residual  nervous  stimulation. 
But  closely  connected  with  them  are  the  “ contrast” 
colours  that  are  seen  on  a  gray  background  after  the 
eye  has  been  fatigued  by  looking  at  any  coloured  object. 
The  tints  of  these  “  contrast  ”  colours  are  approxi¬ 
mately,  though  not  accurately,  the  complementaries  of 
the  respective  colours  that  have  excited  them.  Thus 

after  staring  intently  for 
some  time  at  a  bright 
green  disk,  the  after-image 
against  a  gray  wall  is  of 
a  reddish  tint.  There  are 
many  ways  of  showing 
these  tints.  I  will  give 
you  as  an  ex^Vple  that 
used  here  m^his  theatre 
by  the Professor 
TyndqdT^  Against  the 
whjpjS vail,  half- lit  with 
^ajlight,  I  hold  up  on 
-^the  end  of  a  stick  a 
cardboard  disk  about  ^  Toot  in  diameter  covered 
with  bright  blue  pap0TTig.  56).  The  beams  of  an 
electric  lamp  are«<&jMlt£a  upon  it  to  make  its  tint  more 
brilliant.  You*  ^Tpkt  look  at  it  fixedly  while  I  count 
thirty  in  a  distort  voice.  When  I  come  to  “thirty”  I 
will  drop44^J>  disk ;  but  you  must  continue  to  look  at 
the  sma^O*egion  of  the  wall,  where  you  will  see — now 
thajS^jcrop  the  disk, — a  yellow  image  or  ghost,  of  the 
samfc  size  as  the  blue  disk.  In  like  manner  if  I  hold  up 


Fig.  56. 
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a  red  disk  you  will,  when  your  eye  is  fatigued,  see  a  green 
or  peacock  coloured  ghost.  The  reason  of  the  contrast 
tint  is  that  if  you  have  fatigued  the  eye,  or  any  region 
of  the  retina  of  the  eye,  with  red  waves,  that  region  will 
be  less  sensitive  for  red  than  it  is  for  the  other  colours. 
Hence  if  gray  (i.e.  diluted  white)  is  presented  in  view, 
the  retina  at  the  fatigued  region  is  more  sensitive  to 
all  the  other  tints  present  than  it  is  to  red,  and  will 
therefore  on  the  whole  receive  an  impression  in  which 
green  predominates. 

Another  way  to  see  the  contrast  tints  is  to  stretch 
upon  a  ring  of  cardboard  a  sheet  of  semi-transparent 
coloured  tissue  paper,  and  then 
upon  this  as  a  background  gum 
a  smaller  ring  of  white  card¬ 
board.  Diffuse  daylight  should 
be  allowed  to  fall  from  the  front 
upon  the  white  card,  making  it 
gray.  By  lights  suitably  placed 
behind  the  coloured  tissue  is 
lit  up.  The  eye  therefore  sees 
the  gray  ring  between  an  inner 
and  an  outer  circle  of  colour. 

And  after  looking  for  a  very.  seconds  will  pronounce 
the  gray  card  to  have  beoara^)  of  a  complementary  tint. 
Thus  if  the  tissue  panics  orange  in  hue  the  gray  card 
ring  takes  a  bluish-^e^bock  colour  by  contrast. 

But  the  pei;sjgf^nce  of  impressions  in  the  eye  is  not 
limited  to  pli^^mena  of  colour.  All  ordinary  visual 
impression  a  perceptible  time,  the  images  of  brightly 
lighted  Sheets,  even  when  only  viewed  for  a  thousandth 
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of  a  second  will  take  a  whole  tenth  of  a  second  to  die 
away.  If,  then,  you  can  present  to  the  eye  a  second 
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held  between  two  strings  on  which  it  can  be  twirled. 
On  one  side  there  is  painted  say  a  horse ;  on  the  other 
his  rider.  On  blowing  against  the  card  to  twirl  it  you 
see  the  rider  (Fig.  58)  mounted  on  his  horse.  We  may 
try  this  experiment  in  a  new  way.  On  one  side  of  a 
vertical  card  is  painted  in  outline  a  birdcage.  On  the 


other  side,  a  bird.  By  a  band  an  d^ujley  we  spin  the 
card  rapidly ;  and  lo  !  you  see  tta  Kixi  within  its  cage. 

I  hold  in  the  lantern  a  srnmK  disk  of  sheet  metal 
having  a  number  of  holes  pgjced  in  it ;  giving  on  the 
screen  a  lot  of  bright  poinj©yf  light.  Then  on  making 
this  disk  vibrate  on  th^pil  of  a  spring,  or  rotate  about 
a  pin,  each  little  hole  is  transformed  apparently 

into  a.  luminous  Brief  moving  about  on  the  screen. 

Another  o^meal  illusion  depending  chiefly  upon  the 
persistenccrarvision  is  afforded  by  the  strobic  circles 
which  ^^evised  in  1877.  On  giving  these  black  and 
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white  patterns  a  small  “  rinsing  ”  motion,  the  circles  and 
toothed  wheels  seem  to  rotate  on  their  axis. 


The  latest  of  optical  illusions  and  one  not  easy  to 
explain,1  is  Benham’s  colour-top.  A  number  of  narrow 
black-lines  are  drawn  as  arcs  of  circles  of  various  lengths, 
upon  a  white  surface,  half  of  which  (Fig.  61)  is  coloured 


Fig.  6o. 


black.  On  revolving  this  disk,  and^Q^wing  it  by  a 
sufficiently  strong  light,  the  arcs  d^Csbme  of  the  circles 
appear  coloured.  The  rotatietfQhust  be  neither  too 
slow  nor  too  quick.  On  rerersi«g  the  rotation  the  order 
of  the  colours  reverses.  effect  appears  to  be  due 

to  the  intermittent  stimulation. 


1  See  recent  paper 
Shelford  Bidwell, 


jceedings  oj  the  Royal  Society ,  by  Mr. 
whose  explanation  is  that  when  the 
particular  nervea&b{g^  which  give  the  red  sensation  are  excited  at 
any  part  of  the\£t}ia,  the  immediately  adjacent  parts  of  the  same 
nerve-fibre^  ^£&for  a  short  period  sympathetically  affected,  so  that 
a  red  bord*N$*ems  for  an  instant  to  grow  around  the  image  of  a 
whitQ  {rajet  suddenly  seen.  In  the  same  way,  when  the  image  of 
a  w&h^bject  is  suddenly  cut  off  there  is  a  sympathetic  reaction 
giw^  a  transient  blue  border  around  the  disappearing  image. 
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Another  example  of  effects  produced  by  persistence  of 
the  optical’ impressions  in  the  eye  is  afforded  by  an  old 
toy,  the  zoetrope ,  or  wheel  of  life ;  in  which  the  sem¬ 
blance  of  motion  is  given  to  pictures  by  causing  the  eye 
to  catch  sight,  in  rapid  sequence,  through  moving  slits,  of 
a  series  of  designs  in  which  each  differs  slightly  from  the 
one  preceding.  Thus  if  you  want  to  make  the  sails  of 
a  windmill  seem  to  go  round,  the  successive  pictures 
must  represent  the  sails  as  having  turned  round  a  little 
during  the  brief  moment  that  elapses  between  each 
picture  being  glimpsed  and  the  next  being  seen.  These 
intervals  must  be  less  than  a  tenth  of  a  second,  so  that 
the  successive  images  may  blend  properly,  and  that  the 
movement  between  each  picture  and  the  next  may  be 
small.  Mr.  Muybridge  has  very  cleverly  applied  this 
method  to  the  study  of  the  movements  of  animals. 
Anschutz’s  moving  pictures,  illuminated  by  intor^frWjent 
sparks,  were  the  next  improvement.  And  ffip*  latest 
triumph  in  this  development  of  the  subjaCKnas  been 
reached  in  the  animato graph,  which  tJK3  iventor,  Mr. 
R.  Paul,  has  kindly  consented  to  exhm^ 

The  animatograph  pictures  photographed  upon 
a  travelling  ribbon  of  transpar^r?)r  celluloid ;  the  time 
which  elapses  between  ead(2jpicture  being  taken  and 
the  next  being  about  /am^fiftieth  of  a  second.  A 
scene  lasting  half  a^Mfiute  will,  therefore,  be  repre¬ 
sented  by  about pictures,  all  succeeding  one 
another  on  a  *l<g^  ribbon.  If  these  pictures  are  then 
passed  in  thqjfl^proper  order  through  a  special  lantern, 
with  me<$h^tem  that  will  bring  each  picture  up  to  the 
proper  ^fctce  between  the  lenses,  hold  it  there  an 
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instant,  then  snatch  it  away  and  put 
the  next  in  its  place,  and  so  forth, 
the  photograph  projected  on  the 
screen  will  seem  to  move.  You  see 
in  a  street  scene,  for  example,  the 
carts  and  omnibuses  going  along; 
the  horses  lift  their  feet,  the  wheels 
roll  round,  foot  passengers  and 
policemen  walk  by.  Everything 
goes  on  exactly  as  it  did  in  the 
actual  street.  Or  you  see  some 
children  toddling  beside  a  garden 
seat.  A  big  dog  comes  up,  and  the 
boy  jumps  astride  of  him,  but  falls 
off  (Fig.  62),  and  rises  rubbing  his 
bumps.  Or  a  passenger  steamer 
starts  from  Dover  pie^iQ^u  see  her 
paddles  revolve,  tho0i  *bwd  on  the 
pier  wave  farew«Q\  with  handker¬ 
chiefs  or  hat^C^ie  steamer  wheels 
round,  yortTvi^  the  splash  of  foam, 
you  no^nre  rolling  clouds  of  black 
smokdQiroceeding  from  her  funnel, 
th^she  goes  out  of  sight  round 
corner.  The  reality  of  the 
^motions  is  so  great  that  you  feel  as 
though  you  had  veritably  seen  it  all 
with  your  own  eyes.  And  so  you 
have.  You  have  just  as  truly  seen 
the  movements  of  the  scene  as  when 
you  have  listened  to  the  phonograph 
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you  have  heard  the  voice  which  once  impressed  the 
record  of  its  vibrations.  Of  all  the  animatograph 
pictures  those  that  appeal  most  to  me  are  the  natural 
scenes,  such  as  the  waves  rolling  up  into  a  sea-cave 
and  breaking  on  the  rocks  at  its  mouth,  and  dashing 
foam  and  spray  far  up  into  its  interior.  Nothing  is 
wanting  to  complete  the  illusion,  save  the  reverberat¬ 
ing  roar  of  the  waves. 

Note. — Since  the  delivery  of  these  lectures,  Mr.  Shelford  Bid  well, 
F.R.S.,  has  pursued  the  subject  of  the  curious  colour  -  effects 
mentioned  at  the  foot  of  p.  96,  and'has  reached  some  extraordinary 
results.  A  cardboard  disk  8  inches  in  diameter  is  half-covered  with 
black  velvet,  the  other  half  being  left  white  or  gray.  A  sector  of 
45°  is  cut  away  at  the  junction  of  the  black  and  white  portions,  and 
this  disk,  suitably  balanced,  is  mounted  upon  a  revolving  apparatus 
to  rotate  with  a  speed  of  about  6  to  8  turns  per  second.  Behind 
it,  so  as  to  be  visible  at  each  turn  through  the  gap  w£u\e  the 
sector  has  been  cut  away,  is  placed  a  coloured  picture,  att4sa*Vight 
lamp  is  placed  a  few  inches  in  front  to  illuminate  it.  TJytlirection 
of  rotation  is  such  that  the  open  sector  is  precedp^by  black  and 
followed  by  white.  On  thus  viewing  a  picture  bypnJbrmittent  vision, 
each  part  appears  of  a  pale  colour  complementary  to  its  actual 
tint.  A  red  rose  with  green  leaves  appsA^a  green  rose  with 
reddish  leaves.  A  blue  star  on  a  yellow  re&jjmd  appears  as  a  yellow 
star  on  a  bluish  ground.  Black  printiX^on  a  white  paper  appears 
whitish  printing  on  a  grayish  paper,  U  so  forth. 
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APPENDIX  TO  LECTURE  II 

ANOMALOUS  REFRACTION  AND  DISPERSION 


On  p.  78  attention  is  drawn  to  the  circumstance  that  the 
spectrum  as  produced  by  a  prism  is  irrational ;  that  is  to 
say,  that  the  dispersion  is  such  that  the  different  waves  are 
not’ spaced  out  in  proportion  to  their  wave-length,  the  red 
and  orange  waves  being  relatively  crowded  together  at  one 
end  of  the  spectrum,  while  the  violet  and  blue  waves  are 
unduly  spread  out.  But  the  dispersion  is  different  on 
different  substances.  In  fact,  no  two  substances  disperse 
the  light  in  exactly  the  same  way,  though  ^Qg^neral  the 
order  of  the  colours  is  the  same,  and  the  0pral  trend  of 
the  irrationality  is  to  compress  the  red  eaQv  But  there  are 
a  few  known  substances  in  which  tln^Hationality  becomes 
excessive,  and  develops  into  an  eiiti&ly  abnormal  dispersion 
in  which  the  violet  waves  are  ^VS^fracted  than  the  red  ! 
This  phenomenon  of  anomal^iKd»4persion  was  first  noticed1 
in  1840  by  Fox  Talbot  jnO>ome  crystals  of  the  double 
oxalate  of  chromium  and  Vtassium-  The  colours  of  the 
spectra  of  some  of  theai<Systals  were  so  anomalous  that  he 
could  only  explam/T0*jk  “  by  the  supposition  that  the 
spectrum,  after  Jv^Ceeding  for  a  certain  distance,  stopped 
short  and  r<^m*£eil  upon  itself.”  In  1861  Le  Roux  found 
that  vapour  \tfJodine,  which  transmits  only  red  and  blue, 
actually^<5jrds  the  red  more  than  the  blue,  and  gives  an 
inverte^Froectrum.  Christiansen  in  1870  noticed  that  an 
c  solution  of  magenta  (rosaniline)  has  an  ordinary 
Dn  for  the  waves  from  red  to  yellow,  the  yellow  being 

1  See  Tait’s  Light,  p.  1 56. 
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refracted  more  than  orange,  and  orange  than  red,  but 
it  absorbs  green  powerfully,  and  all  the  rest  of  the  colours 
— commonly  called  more  refrangible — are  in  this  substance 
refracted  less  than  the  red  !  In  this  case,  the  spectrum 
literally  returns  back  upon  itself.  Other  observations  have 
been  added  by  Kundt  and  others.  In  particular,  Kundt 
discovered  that  some  of  the  metals,  when  made  up  into 
excessively  thin  prisms,  possess  an  anomalous  dispersion. 

The  first  point  to  note  in  discussing  this  phenomenon  of 
anomalous  dispersion  is  that  it  only  occurs  in  highly 
coloured  substances.  It  is  closely  related  to  the  circum¬ 
stance  that  in  these  substances  there  is,  by  reason  of  their 
molecular  constitution,  a  strong  absorption  for  waves  of 
some  particular  wave-length.  Thus  in  rosaniline,  which 
has  a  strong  absorption-band  in  the  green,  the  fact  that 
green  light  is  absorbed  appears  to  exercise  a  perturbing 
influence  upon  the  waves  of  the  shorter  kinds,  causing  them 
to  be  less  refracted  instead  of  more.  These  remarkable 
phenomena  obviously  have  something  to  do  with  the  way 
in  which  the  molecules  of  ponderable  matter  aA  con¬ 
nected  with  the  ether.  None  of  the  dispersion  llm  of 
Cauchy,  Ketteler  or  others  gave  a  satisfac.ton^2£count  °f 
them. 

In  1872  Lord  Rayleigh  considered  thOtfoblem  of  the 
refraction  of  light  by  opaque  bodies,  an^SNthe  Philosophical 
Magazine  (vol.  xliii.  p.  322)  gave  tm^pliowing  exceedingly 
suggestive  comment : — 

“On  either  side  of  an  *  al^s^ption-band  there  is  an 
abnormal  change  in  the  refmngibility  (as  determined  by 
prismatic  deviation)  of  su^Oa  kind  that  the  refraction  is 
increased  below  (that  \  red  side  of)  the  band,  and 

diminished  above  it.  wO*  analogy  may  be  traced  here  with 
the  repulsion  betA/eerMwo  periods  which  frequently  occurs 
in  vibrating  systems/  The  effect  of  a  pendulum,  suspended 
from  a  body  ^mjjbct  to  horizontal  vibration,  is  to  increase  or 
diminish  thdQiirtual  inertia  of  the  mass  according  as  the 
natural>f>^qd  of  the  pendulum  is  shorter  or  longer  than 
oint  of  suspension.  This  may  be  expressed  by 
bat  if  the  point  of  support  tends  to  vibrate  more 
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rapidly  than  the  pendulum  it  is  made  to  go  faster  still,  and 
vice  versa.  Below  the  absorption-band  the  material  vibra¬ 
tion  is  naturally  the  higher,  and  hence  the  effect  of  the 
associated  matter  is  to  increase  (abnormally)  the  virtual 
inertia  of  the  ether  and  therefore  the  refrangibility.  On 
the  other  side  the  effect  is  the  reverse.” 

In  1893  von  Helmholtz  published  a  remarkable  study1 
based  on  Maxwell’s  electromagnetic  theory  of  light.  The 
essence  of  this  theory  is  as  follows  : — 

The  electromagnetic  waves  passing  through  the  ether 
travel  at  a  rate  which  is  retarded  by  the  presence  of 
material  molecules,  the  ether  being  as  it  were  loaded  by 
them.  These  heavy  particles  cannot  be  set  into  vibration 
without  taking  up  energy  from  the  advancing  wave  ;  and  so 
long  as  there  is  no  absorption,  they  give  up  this  kinetic 
energy  again  to  the  wave  as  it  passes  on.  In  this  way  the 
velocity  of  propagation  of  the  train  of  waves  is  slightly  less 
than  the  velocity  of  propagation  of  the  individual  wave  ; 
the  front  wave  of  the  train  continually  dying  out  in  giving 
its  energy  to  the  material  particles  in  the  medium.!  In  such 
a  medium  there  will  of  course  be  ordinary  reff^t^pn  ;  and 
as  the  velocity  of  propagation  of  the  wave-tram^vill  depend 
on  the  frequency  {i.e.  on  the  wave-length)/^vne  oscillations 
(there  being  in  general  a  greater  retardartSki  of  the  waves  of 
higher  frequency,  i.e.  of  shorter  wav^Sqgrh),  there  will  be  a 
dispersion  of  the  ordinary  kind.  /^fi>^iis  applies  to  waves 
the  wave-length  of  which  is  krg^/compared  with  the  size 
of  the  molecules.  But  if  were  smaller  waves,  the 

frequency  of  which  coincidechwery  nearly  with  the  natural 
oscillation-period  of  thevfe&lecules  or  atoms,  such  waves 
would  set  up  a  ^qjwt£)sym pathetic  vibration  of  these 
material  particles\^5?a  would  be  strongly  absorbed. 
Suppose  that  tkerQre  waves  of  still  smaller  size  and  still 
higher  frequent  Their  oscillations  are  too  rapid  to 
affect  the  a^Sys  ;  they  pass  freely  between  the  interstices  of 

1  $\e<fffa$demann’s  Annalen,  xlviii.  p.  389.  The  fullest  account 
of  has  appeared  in  English  is  in  The  Electrician ,  xxxvii. 

p.  and  an  abstract  account  by  Professor  Oliver  Lodge,  ib. 

pK3T  (July  1896). 
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matter  and  are  not  retarded,  therefore  not  refracted  or  dis¬ 
persed,  or  only  very  slightly  so.  The  medium  would  act  as 
if  almost  perfectly  transparent  to  such  waves  ;  and  their 
refraction  might  be  either  slightly  negative  or  slightly 
positive  ;  whilst  for  the  minutest  waves  of  all  the  refraction 
would  be  simply  zero.  The  formula  which  von  Helmholtz 
deduced  is  in  its  simplest  form  the  following : — 


where  /x  is  the  refractive  index  of  the  medium  (supposed 
quite  transparent),  n  the  frequency,  and  a  and  (3  constants 
depending  on  the  material.  To  interpret  the  formula,  con¬ 
sider  what  it  reduces  to  in  the  following  cases  (i)  n  much 
smaller  than  a  or  /3 ;  (2)  n  =  /3;  (3)  n  =  a;  and  (4)  n 
much  greater  than  a  or  f3.  In  the  first  case,  n  being  small 
we  are  dealing  with  long,  slow -period  waves  such  as 
Hertzian  waves  or  those  of  infra-red  dimensions.  Neglect¬ 
ing  n2  compared  with  a2  or  f32  the  formula  reduces  to  /x 
=  a  1/3,  being  independent  of  wave-length.  In  the/'sqcond 
case  if  the  frequency  is  such  that  n  =  /3  the  mediiAOraiinot 
possibly  be  transparent,  as  there  would  be  absorp¬ 

tion.  The  real  meaning  is  that  as  n  incre^*®^  from  case 
( 1 )  toward  the  value  n  =  /3  the  refractiv6^J ex  increases, 
and  would  become  indefinitely  grea^^(e)e  it  not  for  the 
absorption  that  sets  in.  In  the  stjRe/of  things  between 
cases  (2)  and  (3),  where  n  is  large&han  f3  but  smaller  than 
a,  the  values  of  /x  calculated  by  t© formula  are  imaginary  ; 
but  owing  to  the  absorption  would  in  reality  diminish 
down  to  near  zero,  that  i§J©\say,  the  refraction  in  these 
conditions  becomes  neg^fcS.  ^This  corresponds  to  the  state 
of  things  observed  b^KSmdt  with  their  refracting  prisms 
of  iron,  nickel,  ancfpMinum,  which  refract  the  light  toward 
the  refracting  edge  instead  of  from  it.  As  n  increases  from 
case  (3)  wherOy^quals  a,  the  zero  value  of  /x  gradually 
changes,  ^an*&J-hen  n  becomes  very  great  compared  with 
a  and  &>10approaches  to  unity,  so  that  for  excessively 
short  w^es  there  is  no  refraction  at  all. 
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Consider  the  particular  value  of  n  for  which  //  becomes 
a  maximum.  This  is  the  case  in  which  the  excessive 
absorption-  makes  the  medium  practically  opaque.  For 
values  of  n  a  little  less  than  this  there  will  be  practically 
complete  transparency  and  ordinary  refraction  and  dis¬ 
persion  ;  for  values  of  n  a  little  greater  than  this  there  will 
again  be  practical  transparency,  but  there  will  be  a  refraction 
in  the  wrong  direction  (/ x  being  less  than  unity),  and  the 
dispersion  will  be  anomalous.  Fig.  63  illustrates  this 
dependence  of  \x  upon  n.  In  the  case  of  rosaniline,  the 
frequency  for  which  the  absorption  becomes  excessive  is 
about  578  billions  per  second,  corresponding  to  a  wave-length 
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of  21  millionths  of  an  inch  in  air.  EX^rNichols  has  found 
that  quartz  shows  a  similar  chanae^dOroperties  for  infra-red 
waves  of  a  frequency  between  and  45^4  billions  per 
second.  For  almost  all  ordSi^ry  transparent  substances 
the  absorption-band  occurs  V4ong  way  down  in  the  ultra¬ 
violet  ;  in  some  it  may -jj^fcibly  occur  in  the  infra-red.  It 
may  be  possible,  for  ^kw^iple,  for  flint-glass,  the  refractive 
index  of  which  for>rawnary  light  is  between  1*5  and  17,  to 
have  a  refractiiieQiiaex  as  high  as  2*6  for  disturbances  of 
very  low  frequ\ji^  such  as  Hertzian  waves  :  that  being  the 
theoretical  ^kie  for  long  waves  as  required  by  Maxwell’s 
theory  to^dnespond  to  the  square-root  of  the  observed 
dielect^rfbyronstant.  Probably  many  substances  have  more 
thatNShe  absorption-band,  thus  still  further  complicating  the 
ajiofcehlous  dispersion. 


LECTURE  III 


POLARISATION  OF  LIGHT 


Meaning  of  polarisation — How  to  polarise  waves  of  light — Illus¬ 
trative  models — Polarisers  made  of  glass,  of  calc-spar,  and  of 
slices  of  tourmaline — How  any  polariser  will  cut  off  polarised 
light — Properties  of  crystals — Use  of  polarised  light  to  detect 
false  gems — Rubies,  sapphires,  and  amethysts — Polarisation  by 
double  refraction — Curious  coloured  effects,  in  polarised  light, 
produced  by  colourless  slices  of  thin  crystals  when  placed 
between  polariser  and  analyser  —  Further  study  of  comple¬ 
mentary  and  supplementary  tints  —  Exhibition  of  by 

polarised  light — Effects  produced  on  glass  by  comm0p$n,  and 
by  heating. 

Scientific  men  often  fall  into  the  hal4Kfcu  using  long 
and  difficult  words  to  express  ve^y  simple  and  easy 
ideas.  The  natural  consequenc^is,  that  people  are 
often  led  to  think  that  there  is  £iiething  difficult  about 
a  really  easy  subject,  whenia^the  main  difficulty  is  to 
understand  the  meanimn^-Jhe  words  selected  to  de¬ 
scribe  it. 

The  word  “  polarisation,”  used  in  optics,  is  one  of 
these  terms.  ItGjpunds  very  learned  and  difficult,  but 
the  idea  it  isQ^ended  to  express  is  really  very  simple. 
Let  me  give  you  the  idea  before  we  try  to  fit  any 

name  t<^%> 
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In  my  first  lecture  I  endeavoured  to  give  you  some 
simple  notions  about  waves  and  the  way  they  travel.  I 
asked  you  particularly  to  distinguish  between  the  oscil¬ 
latory  motions  of  the  particles  and  the  forward  travelling 
of  the  waves  themselves.  Let  us  return  to  the  motions 
of  the  particles.  Suppose  any  particle  or  group  of  par¬ 
ticles  to  have  motion  given  to  it,  a  rapid  “to-and-fro  ” 
in  other  words,  let  it  be  supposed  to  vibrate.  Then  if 
it  is  surrounded  by  a  suitable  medium,  and  its  vibra¬ 
tions  occur  with  a  sufficiently  great  frequency,  it  will  set 
up  waves  in  the  surrounding  medium  which  will  start 
off  from  it,  travelling  away  at  a  definite  speed  depending 
on  the  rigidity  and  density  of  the  medium.  In  the  case 
of  a  compressible  surrounding  medium  such  as  air,  the 
vibrating  body  (if  vibrating  between  the  limits  of  fre¬ 
quency  appropriate  for  sound — that  is  to  say,  between 
about  30  per  second  and  38,000  per  se^h4/will  com¬ 
press  the  air  in  front  of  itself  as  it  n^^*  forward,  and 
rarefy  the  air  behind  it  as  it  m®^S^  back,  with  the 
result  that  it  sends  off  of  condensation 

f  and  rarefaction.  If,  Fig.  64,  the  oscillating 

G||  body  is  a  sphere  Jiving  rapidly  up  and  down 
;  along  the  short  [Qh  AB,  it  will  tend  alternately 
rB  t;0  condense  rarefy  the  air  above  and  below 
FlG*  6<-  ;t)  and  t^Jj^ebmpressions  and  rarefactions  will 
travel  off  uyv^yis  and  downwards,  spreading  a  little 
as  they  go.QjJut  hardly  any  waves  of  compression  and 
rarefactidSjwill  travel  off  sideways  from  the  oscillating 
sphesjO&ecause  in  oscillating  up-and-down  it  does 
either  condense  or  rarefy  the  air  at  its  sides, 
wave  in  this  case  would  be  described  as  a  lotigi- 
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tudincil  wave,  meaning  one  which  is  propagated  along 
the  line  in  which  the  particular  motion  exists — in  this 
case  vertical.  If  you  want  to  know  more  about  the 
travelling  of  sound-waves,  you  must  read  Professor 
Tyndall’s  delightful  book  On  Sound ;  or  if  you  are  deep 
students  you  will  study  Lord  Rayleigh’s  two  mathe¬ 
matical  volumes  on  the  Theory  of  Sound. 

But  now,  suppose  that  you  have  to  deal  not  with  a 
medium  like  air  that  is  compressible,  but  with  a  medium 
like  jelly  that  is  incompressible,  and  in  which  the 
density  is  small  compared  with  the  rigidity  that  it 
opposes  to  any  rapid  shear.  If  in  this  case  you  set  up 

an  oscillation  with  a  A 

A 

sufficiently  great  fre-  f 

quency,  waves  will  be  /’\  S"\ 

set  up  which  will  travel  **•'*  a 

off  at  a  high  rate,  but 

not  in  the  line  of  the  Fig.  65.  Jo 

motion.  On  the  contrary,  they  will  travel  dTVideways 
in  all  directions  in  ripples.  Let  Fig.  (X><epresent  a 
sphere  embedded  in  the  middle  ofioNgreat  block  of 
surrounding  jelly,  and  that  it  is  i^ichr to  oscillate  up- 
and-down  as  before,  but  with  Of  great  rapidity.  It 


jelly  reach  it,  tend  also  to  move  up 
any  medium,  whether  a  jelly  or  not,  if 
are  in  such  relation  to  one  another  that 
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the  movement  of  any  of  them  tends  to  set  up  a  shearing 
stress,  then  that  medium  will,  like  the  jelly,  propagate 
the  disturbances  sideways.  The  waves  in  such  cases 
would  be  described  as  transverse  waves  —  meaning 
waves  which  are  propagated  in  directions  at  right  angles 
to  the  direction  in  which  the  to-and-fro  displacements 
are  executed. 

Now  the  waves  of  light  are  of  the  transverse  kind ; 
and  though  they  can  pass  through  air,  are  not  waves  of 
the  air  as  sound-waves  are.  Waves  of  light  can  cross 
the  most  perfect  vacuum ;  they  travel  thousands  of 
millions  of  miles  in  the  vacuous  space  between  the  stars. 
They  are  waves  of  another  medium  which,  so  far  as  we 
know,  exists  all  through  space,  and  which  we  call,  using 
Sir  Isaac  Newton’s  term,  the  ether .  If  you  ask  me  what 
the  ether  is  made  of,  let  me  frankly  say  I  dt  not  know. 
But  if  light  consists  of  waves,  and  if  tfo^geVvaves  can 
travel  across  the  millions  of  miles  thaW&parate  the  stars 
from  the  earth,  then  it  is  clear  th^hfey  must  be  waves 
of  something;  they  are  not  ai^-vswes  nor  water-waves, 
because  interstellar  space  iQp*  Did  both  of  air  and  of 
water.  They  are  wave  &  a  medium  which,  though 
millions  of  times  less iBeS^e  than  water  or  air,  has  yet  a 
property  that  resista^jwng  torn  or  sheared  asunder ;  ex¬ 
ceeding  the  rosi^^ce  to  shear  even  of  hard-tempered 
steel.  Thoug^ylt  is  not  a  jelly,  since  things  can  move 
through  it  \Jre  freely  than  you  or  I  can  move  through 
the  air*Gpet  it  resembles  the  jelly  in  this  property  of 
resisiXSe  to  shear,  and  propagates  vibrations  transversely 
<X>$he  direction  of  their  displacements.  Though  we 
fctfow  neither  the  density  of  the  ether  (though  it  must 
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be  very  small)  nor  its  rigidity  to  shear  (which  must  be 
very  great),  we  do  know  something  which  depends  on 
the  ratio  of  these  two  properties,  namely,  the  velocity  of 
propagation  of  those  ether- waves  which  we  call  “  light  ” 
(see  Appendix,  p.  156). 

Well,  now  having  got  this  notion  about  transverse 
waves,  let  us  go  back  to  the  wave-motion  model  which 
we  used  in  the  first  lecture.  It  has,  as  you  will 
remember  (Fig.  2,  p.  8),  a  row  of  little  white  particles, 
along  which  row  the  wave  is  propagated  from  left  to  right, 
though  each  little  particle  moves  up  and  down.  It  is, 
therefore,  a  model  of  a  transverse  wave ;  the  direction  of 
travel  of  the  wave  is  at  right  angles  to  the  direction  of 
the  displacements. 

But  if  a  wave  is  to  travel  along  a  line  of  march,  from 
A  to  B,  we  may  fulfil  the  condition  of  transverse  vibra¬ 
tion  in  other  ways.  The  small  to-and-fro  motio^^njpst 
be  executed  across  the  line  of  march ;  and  thej^jnay  be 
across  the  line  of  march  without  being  vG^Ji^al — they 
may  be  horizontal,  or  oblique.  If  I  turn  ave-motion 
model  on  its  side,  the  little  white  /T?*&£les  now  move 
horizontally  toward  you  and  from  ^obp^ut  the  wave  still 
travels  from  left  to  right.  Q 

If  I  stretch  across  the  ro<  long  indiarubber  cord, 
holding  one  end  of  it  m£»i%)hand,  I  can  throw  it  into 
transverse  vibrations.  ^>SvI  move  my  hand  rapidly  up- 
and-down,  I  proc^ic^up- and  -down  vibrations.  If  I 
move  my  han<J  gj^ht-and-left,  I  get  right-and-left  vibra¬ 
tions.  If  I  mq^my  hand  obliquely  to-and-fro,  I  produce 
oblique  vjhmkrns ;  and  the  cord  transmits  them  all. 

Now^^that  the  word  polarisation  means  is  that  the 
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motions  are  being  executed  in  some  particular  transverse 
direction.  If  the  vibrations  are  polarised  vertically,  that 
means  that  they  are  up-and-down  waves  that  are  travel¬ 
ling  along.  If  I  say  that  the  light  is  polarised  hori¬ 
zontally,  all  I  mean  is  that  the  motions  are  executed 


right-and-left  across  the  line  of  march.  Can  anything 
be  simpler? 

Here  is  a  lump  of  jelly.  It  will  serve  excellently  to 
show  how  a  polarised  vibration  is  propagate^  I  stick 
into  it  horizontally  two  pins  with  silverecwtehds — one  at 

one  side, r-Qre  other  at  the 
other.  give  a  sudden 

Sment  to  one  pin  it 
^iXji^rs,  and  the  jelly  carries 
ryh  the  motion  to  the  other. 
And  note,  if  I  strike  one  so 
as  to  make  it  quiver4@ind-down,  the  other  quivers  up- 


Fig.  67. 


<b 


aivcrA: 


and-down — here  w  &ve  a  vibration  polarised  vertically. 
If  I  make  o/fE  Oliver  right-and-left  the  other  quivers 


°o 

.t-^ne 


right-and-left-^nere  we  have  a  vibration  polarised  hori- 
zontally.^Hr  I  make  one  quiver  circularly  round  and 
e  other  quivers  round  and  round  also ;  giving 
stration  of  a  circularly  polarised  vibration. 
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Now  let  us  go  to  the  waves  of  light  themselves.  If 
you  look  at  a  beam  of  white  light  you  cannot  by  the 
eye1  tell  whether  it  is  polarised  to  move  up-and-down, 
or  right-and-left.  In  fact  you  cannot  tell  whether  it  is 
polarised  at  all.  Naturally,  if  the  waves  are  so  ex¬ 
cessively  small,  and  vibrate  so  many  millions  of  millions 
of  times  a  second,  your  eye  cannot  catch  their  motions. 

The  fact  is  that  light  of  any  natural  kind,  whether 
from  the  sun,  an  electric  lamp,  a  flame,  or  any  other 
source,  is  non-polarised ;  that  is  to  say,  it  consists  of 
vibrations  which  are  not  specially  directed  either  up-and- 
down  or  right-and-left,  or  in  any  other  one  direction. 
Natural  light,  given  out  by  hot  bodies,  is  absolutely 
miscellaneous.  Not  only  does  it  consist,  as  we  saw  in 
the  last  lecture,  of  a  lot  of  different  colours — that  is,  of 
different  wave-lengths,  mixed  up  together — but  it  con¬ 
sists  of  waves  whose  direction  of  transverse  viljj^ft^ns 
are  also  all  jumbled  up.  At  one  instant  they  ]  fe  up- 
and-down;  then  they  change  to  right-an^fteft:,  or  to 
oblique,  or  circular,  or  elliptical,  or  pcHg^ly  to  some¬ 
thing  still  more  complex.  Just  tfrirdMiow  the  light 
starts  from  the  white-hot  tip  of  ^nHcarbon  pencil  in 
my  electric  lamp.  The  particl©  of  white-hot  carbon 
are  in  fierce  vibration,  jostlim^gainst  one  another,  and 
in  jostling  impart  vibn^t^ijs^to  the  ether — setting  up 

1  Not  as  thrown  onOh^^reen.  But  the  eye  can  be  trained  to 
detect  the  plane  of  pollnjsftion,  for  example,  of  light  from  the  blue 
sky,  which  is  natiyqjjj^  polarised  in  directions  at  right  angles  to  the 
position  of  the  swH^*“The  training  consists  in  being  able  to  recog¬ 
nise  certain  £p/J*^rftnces  called  “  Haidinger’s  brushes”  which  result 
from  the  polarising  properties  of  the  refracting  structures  of 

the  eye. 


I  12 


LIGHT 


LECT. 


ether-waves.  When  any  one  particle  gets  a  sudden  jolt 
it  quivers,  and  gives  out  a  vibration,  which  we  may 


represent  by  the  curve  (Fig. 
68),  with  a  lot  of  little  wave¬ 
lets  each  like  its  fellow,  per¬ 
haps  several  thousands1  of 
them  before  they  die  away. 
Each  such  vibration  would 


Fig.  68. 


die  away  like  the  note  of  a  piano-string  struck  and 
left  to  itself.  But  perhaps  before  the  motion  has  died 
away  another  jolt  sets  it  off  vibrating  in  a  new  direc¬ 
tion,  again  to  die  away.  Suppose  millions  of  these 
little  particles,  all  jostling,  and  vibrating,  and  sending 
out  trains  of  wavelets.  It  is  clear  that  one  ought  to 
expect  the  utmost  admixture  of  wave-sizes  and  directions 
of  vibration  in  the  resultant  light. 

Then,  you  understand,  that  as  natural^^ht  is  not 
polarised  in  any  particular  direction,  itopwant  to  get 
polarised  light  we  must  do  something^it  to  polarise  it. 
But  how  ? 

1  According  to  the  researches  at  least  5°>000>  on  tl'e 

average,  in  ordinary  light.  Pr<^k  Attchelson  s  more  recent  experi¬ 
ments,  in  which  he  has  obtai(gpinterference  between  two  waves 
more  than  20  cm.  or  i, 000,000  wave- 
ge  number  of  wavelets  in  each  train 
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Table  III. — Polarisers 


Principle. 

Nature  of  Apparatus. 

Reference. 

By  Reflexion  .  .  | 

By  Refraction  . 

By  Double  Refraction 

By  Double  Refraction,  \ 
with  Absorption  .  J 
By  Double  Refraction,  \ 
with  Internal  Reflexion/ 

I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

Black  glass  at  about  570 
Delezenne’s  Polariser  . 
Glass  sheet  at  about  570 
Bundle  of  thin  glass 
sheets  set  obliquely 
Rhomb  of  Iceland  Spar 
Double-image  Prism  . 

Slice  of  Tourmaline  . 

Nicol’s  Prism  and  its 
modern  Varieties  . 

(P-  *53)- 
(P-  123). 
(P- 154)- 

(p.  154). 
(p.  120). 
(p.  125). 

(p.  1 19). 

(p.  121). 

In  Table  III.  I  have  set  down  some  eight  different 
ways  of  polarising,  which  we  will  presently  consider  in 
their  order.  But  before  we  deal  with  any  of  thstftAlet 
us  go  back  to  the  vibrations  of  cords  and  see  w  they 
can  be  polarised. 

Here  (Fig.  69)  is  an  indiarubber  cord  j^Ging  through 
a  wooden  box  with  vertical  partitionsr<S0iese  partitions 
limit  the  movements  and  only  alto\Wertical  vibrations 
to  pass  through.  If  I  vibrate  th^pbrd  in  any  way,  it  is 
only  the  vertical  components  L®  the  vibration  that  suc¬ 
ceed  in  getting  throughgj^he  waves,  after  passing 
through  the  box,  come^w  polarised  in  a  vertical  plane. 
If  I  turn  the  box  tfveTnm  its  side  (Fig.  70)  it  will  now 
transmit  only  hor^gmal  components  of  vibration.  What 
will  happen,  threw*  if  I  Pass  the  cord  through  a  second 


box,  as  inJFi^yo  ? 
the  box$iSvnf  the 


That  depends  on  the  positions  of 
first  one  P  is  set  with  its  partitions 
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it  will  polarise  the  waves  vertically,  and  as  these 
es  travel  on  they  will  come  to  the  second  box  marked 


Fig-.  71 
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A.  If  this  also  has  its  partitions  vertical,  the  vertical 
waves  will  get  through  it  also.  If  both  boxes  are  turned 
over  on  their  side,  then  the  first  one  will  polarise  the 
waves  horizontally,  and  the  horizontally  polarised  waves 
will  pass  through  both  boxes.  But  if  I  have  the  first  box 
P  set  vertically  and  the  second  box  A  horizontally  (Fig. 
71),  P  will  polarise  the  vibrations  so  that  they  will  not 
get  through  A,  but  will  be  cut  off.  However  P  is 
placed  it  will  polarise  the  waves ;  if  A  is  turned  so  as 
to  cross  the  waves  they  will  be  cut  off. 

Upon  the  lecture  table  is  another  model  which  illus¬ 
trates  the  same  set  of  facts  more  fully.  If  you  under¬ 
stand  it  you  will  have  no  difficulty  in  understanding  the 
optical  apparatus  that  we  are  going  to  use.  In  this 
apparatus  the  vibrations  of  a  thin  silk  cord — best  seen 
by  those  in  front  of  the  table — are  produced  by  attach¬ 
ing  one  end  to  the  prong  of  a  tuning-fork,  the  Vi^terwons 
of  which  are  maintained  by  an  electromagnsfiof  attach¬ 
ment.  To  the  distant  end  of  the  cord  is  ^Wftc^ed  a  small 
weight,  which  has  been  so  adjusted  thaTt&^cord  is  thrown 
into  stationary  waves.  In  brief,  the  ^TBptions  of  the  cord 
are  tuned  to  those  of  the  fork.  T^olarise  the  vibrations, 
the  motions  of  the  cord  are  conOed  by  means  of  a  pair 
of  glass  plates  mounted  ipOfceoden  cylinders  (Figs.  72, 
73).  At  the  first  nodj^k^im  of  the  cord  the  first  pair 
of  glass  plates  acts  a^jS  polariser,  P ;  the  cord  beyond 
that  point  vibratin^jh  the  plane  thus  imposed  upon  it. 
A  pointer  fixe^fCppon  the  wooden  cylinder  shows  the 
direction  o^^)e  plane  of  polarisation.1  The  second 

1  Con^^Jbg  the  term,  “plane  of  polarisation,”  see  remarks  in 
Appenchx  to  this  Lecture,  p.  158. 
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are  made  vertical  by  the  polariser  P,  and  when  the 
plane  of  the  analyser  A  is  also  vertical  (as  in  Fig.  72) 
the  vibrations  which  pass  through  the  polariser  pass 
through  the  analyser  also.  But,  if  (as  in  the  previous 
experiment  with  the  boxes)  the  analyser  is  turned  round 
a  quarter,  so  that  the  slit  between  the  glass  plates  lies 
across  the  vibrations  (as  in  Fig.  73)  the  vibrations  are 
no  longer  transmitted.  To  recapitulate,  the  vibrations 
are  transmitted  when  the  polariser  and  analyser  are 
parallel  to  one  another :  but  are  cut  off  and  extinguished 
when  polariser  a?id  analyser  are  crossed.  Hence,  by 
turning  round  the  analyser  to  such  a  position  that  it 
cuts  off  the  vibrations  we  can  ascertain  with  accuracy 1 
the  direction  of  the  vibrations  proceeding  from  the 
polariser. 

But  why  should  we  linger  longer  upon  mere  models 
when  we  can  operate  with  light  -  waves  them^slves  ? 
My  assistant  throws  upon  the  screen  a  beapopr  white 
light  from  the  electric  lamp  within  the  opjcQal  lantern. 
He  now  places  in  the  path  of  the  beam^©rge  polariser, 
P  (Fig.  74).  What  this  polariseyi^Q;  will  presently 
explain.  He  now  sets  it  so  thajt  rfc-^polarises  the  light, 
allowing  to  fall  upon  the  screenQpbse  waves  only  whose 
vibrations  are  executed  in  a(0?rtical  plane.  The  white 
disk  of  light  on  the  scre^k^onsists,  in  fact,  of  up-and- 
down  light  only.  YoyVeye  would  not  tell  you  whether 
the  light  was  vibrarfmWip  and  down,  or  even  that  it  was 

1  The  model  vvi^Siable  the  orientation  of  the  plane  of  the  vibra¬ 
tions  to  be  det^^ne.d  to  within  about  half  a  degree  of  angle.  That 
is,  if  the  sm^rcskr  is  as  much  as  half  a  degree  out  of  the  crossed 
position ,>A^vibrations  are  not  completely  extinguished. 
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polarised  at  all.  To  ascertain  that  the  waves  are  really 
polarised  we  must  have  recourse  to  an  analyser.  This 
analyser,  A,  is  itself  simply  a  smaller  polariser.  In 
order  that  you  may  see  it  the  better  it  is  mounted 
(see  Fig.  75)  by  thin  strings  upon  a  ring  -  support, 
the  shadow  of  which  you  see  on  the  screen.  If  this 
is  also  set  in  the  proper  position  to  transmit  up-and- 
down  vibrations,  the  polarised  light  will  come  through 


it,  both  polariser  and  anal)fcjerl5eing  clear  as  glass.  If 
now  the  analyser  A  is  tur^)l  round  one  quarter  it  will, 
though  clear  as  glass^^&irely  cut  off  the  up-and-down 
vibrations,  with  th<pre|hlt  (Fig.  76)  that  no  light  gets 
through  it.  Th^y^utting  off  of  the  light  by  turning 
the  analyser  pne  quarter  round  proves  that  the  light  was 
polarise^.  £When  the  planes  of  polariser  and  analyser 
are  pa^rN^I  to  one  another — both  vertical,  or  both 
hoi&pcfcal, — then  we  have  the  “bright  field”  of  trans¬ 


light.  When  the  planes  of  polariser  and  analyser 
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are  crossed — one  vertical,  the  other  horizontal — then 
the  light  is  cut  off,  and  we  have  the  “dark  field.” 

There  is  a  gem  called  the  tourmaline  which,  when 
cut  into  thin  slices,  has  the  property  of  polarising  light. 
This  gem 1  is  often  found  of  a  dark  green  colour,  but 
also  of  brown,  dark  blue,  and  even  ruby  tint.  Into  the 
beam  of  ordinary  white  light  now  cast  upon  the  screen 


Fig.  75. 


Fig.  7! 


F 


there  is  now  introduced  a  thin  slice  of  b&^*i  tourmaline 
(Fig.  77).  It  looks  dark,  for  it  cutarTScN^nore  than  half 
the  light.  But  such  light  as  succcj^cp-m  getting  through 
is  polarised — the  vibrations  bein^parallel  to  the  longer 
dimension  of  the  slice.  A  se  thin  slice  of  tourmaline 
is  now  introduced,  and  sugm&sed  over  the  first.  When 
they  are  parallel  to  cplvanother  light  comes  through 
both  of  them  (Fi But  if  one  of  them  is  now 


1  The  dark  gre@^[^irmaline  is  als°  sometimes  called  the  Brazilian 
emerald,  thouah^bK  is  of  entirely  different  composition  from  an 
bi: 


emerald, 
wear  touri 

Ov 


shops  of  the  South  American  Catholic  churches 
es  in  their  episcopal  rings,  instead  of  emeralds. 
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turned  round,  so  that  they  are  crossed,  as  in  Fig.  79,  no 
light  can  get  through  the  crossed  crystals.  The  one  cuts 
off  all  horizontal  vibrations  and  horizontal  components 
of  vibration,  the  other  cuts  off  all  vertical  vibrations  and 
vertical  components  of  vibration.  Hence,  when  crossed, 
they  produce  a  “dark  field.”  One  acts  as  polariser,  the 
other  as  analyser. 

Let  us  return  to  the  big  polariser  (Fig.  74)  which  we 
used  in  the  previous  experiment,  and  which  was  as  clear 
as  glass.  It  is  made  of  Iceland  spar,  a  natural  crystal, 


x  //,  x  ivx.  /<■>.  7y- 

which  once  was  common  but  nowH^t^ire  and  expensive. 


which  once  was  common  but  noj^j^rare  and  expensive. 

when  you  look  through  ILJyou  see  everything  double. 
Here  is  ounted  in  a  tube.  Look  at 

your  fir  1  will  see  two  fingers.  It  is  a 

substan  waves  of  light  into  two  parts, 

giving  t  oreover,  polarises  the  light  in 

the  act  that  each  part  is  polarised. 

We  do  both  images;  we  want  only 


We  do  both  images;  we  want  only 

on^vCjVhat  do  we  do  ?  We  adopt  the  method  proposed 
e*9VV  years  ago  by  William  Nicol,  a  celebrated  Scotch 
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philosopher,  and  construct  out  of  a  crystal  of  the  spar 
a  “polarising  prism,”  or  Nicol  prism.  Here  are  several 


Nicol  prisms  of  various  sizes ;  and  also  several  modern 
modifications 1  of  the  Nicol  prism.  Here  also  is  a  large 
wooden  model  to  illustrate  Nicol’s  method.  k 

<7^ 

1  In  Foucault’s  modification,  a  film  of  air  is  intenp^wi  between 
the  two  wedges  of  crystal.  In  Hartnack’s  prisirugJ©Vn  of  linseed 
oil  is  interposed,  and  the  ends  of  the  wedges  are  ^fte?ed  off.  I  have 
myself  from  time  to  time  suggested  severa^qjj^lfications  which  are 


<j^1 


r  A 

1 

1 

/ 

Fig.  82. 


improvements  u^r^VThe  original  Nicol  prism.  In  one  of  these,  the 
natural  end-lff^s  °f  the  prism  are  sliced  away  parallel  to  the 
crystal lo§jwm%c  axis  so  as  to  leave  terminal  faces  that  are  “  principal 
planes’’  (r^g.  81),  and  the  crystal  is  then  sliced  with  an  oblique  cut 
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Selecting  a  piece  of  Iceland  spar  of  suitable  propor¬ 
tions  we  slice  it  across  (with  a  piece  of  copper  wire, 
used  as  a  saw,  and  some  emery  powder)  in  an  oblique 
direction  from  one  of  its  two  blunt  corners  to  the  other  ; 
polish  the  surfaces,  thus  dividing  the  prism  into  two 
wedges.  These  are  then  cemented  together  again 
with  Canada  balsam  (a  resinous  cement) ;  and  the 
polarising  prism  is  complete.  Its  operation  upon  light 
is  as  follows.  When  the  waves  enter  through  one  end- 
face  they  are  split  into  two  parts  which  take  slightly 
different  directions,  and  strike  at  different  angles  upon 
the  film  of  balsam.  As  a  consequence  one  of  the  two 
beams  when  it  meets  the  film  of  balsam  is  reflected 


off  sideways,  as  from  an  oblique  mirror,  while  the 
other  goes  through  the  prism  and  emerges  at  the  other 
end-face.  Consequently  only  one  of  the  two  beams 
gets  through  the  prism,  the  other  being  ^&j»essed  or 
reflected  out  of  the  way.  Prisms  ma^jffl  NicoPs  way 


that  is  also  a  principal  plane,  and  these /wQ^s  are  then  reunited 
with  Canada  bsdSam  or  linseed  oil.  In  a 
cheaper  n/xlY^tion — a  “reversed  Nicol” 
\^z  — the  qatbvrn  end-faces  are  cut  off  (Fig. 
82)  to  reverse  the  shape,  and  the 

y>.v  ohjiqitar  cut  is  then  made  along  a  re- 
versed  diagonal  and  is  nearly  in  a 
I  |0^~^dncipal  plane.”  In  a  third  modifica- 
l^^'tion  the  end-faces  are  first  trimmed  off 
obliquely  as  principal  planes  of  section 
through  one  of  the  natural  edges  of  the 

Pi  Q).  1  end "  ^aCe  ’  an  cu*  ls  ^en  given 

DX®*  (as  in  Fig.  83)  between  two  of  the 

^  rites,  from  FM  to  GN,  and  the  two  pieces  are  then 

^ed  ;  and  they  are  finally  reunited  by  balsam  along  two  of 
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atural  faces. 
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have  usually  oblique  end-faces  of  diamond  shape.  The 
vibrations  which  pass  through  are  those 
executed  in  the  direction  parallel  to  the 
shorter  diagonal  (Fig.  84) ;  while  those 
which  are  suppressed  are  those  parallel  to 
the  longer  diagonal.  The  large  polariser 
used  in  front  of  the  lantern  (Fig.  74,  p.  118)  is  simply 
a  large  Nicol  prism.1 


Fig.  84. 


1  In  consequence  of  the  dearth  of  spar,  large  Nicol  prisms  can 
only  be  procured  at  extravagant  prices.  In  1888  Mr.  Ahrens  con¬ 
structed  for  me  a  large  reflecting  polariser,  having  a  clear  aperture 
of  2|  inches.  For  projection  purposes  it  is  quite  equal  to  a  Nicol 
prism  of  equal  aperture,  and  is  much  less  costly.  In  this  reflecting 
polariser,  which  is  constructed  on  a  principle  suggested  by  Delezenne, 
the  light  is  first  turned  to  the  proper  polarising  angle  (about  570)  by 
a  large  total-reflexion  prism  of  glass  cut  to  a  special  shape.  It  is 
then  reflected  back  parallel  to  its  original  path  by  impinging  upon 
a  mirror  of  black  glass  covered  by  a  single  sheet  of  the  tl^i\nest 

patent  plate  glass  tWrocr^ase 
the  intensity  of^^e  light. 
Fig.  85  shows^ffi^  design  of 
this  prism.  £VNm pared  with 
a  large  prism  it  has 

one/fl$*raintage  :  it  cannot 
conveniently  rotated,  so 
it  polarises  the  light  in 
Wixed  plane.  To  obviate 
this  defect,  I  devised  an 
“optical  rotator”  to  place 
on  the  end  of  the  prism. 
This  consists  simply  of  two 
plates,  qx  and  q 2,  of  “quarter- 
Frc*  Aj-  wave  ”  mica  ;  the  first  of 

uniApwith  its  axis  fixed  at  450  to  the  plane  of  polar¬ 
isation  ;  the^so0OT*r  q 2  being  mounted  in  a  revolving  frame  which 
can  be  any  desired  position.  The  effect  of  rotating  this 

plate  is  tiN^iate  the  plane  of  polarisation. 


them  being  mouu 
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Let  us  devote  a  little  further  attention  to  this  pheno¬ 
menon  of  the  double-refraction  that  thus  yields  us  two 
beams  of  light  that  are  polarised  in  different  planes. 
Here  is  another  wave-motion  model  (Fig.  86)  constructed 
to  show  two  sets  of  waves  which  are  polarised  in  planes 
mutually  at  right  angles  to  one  another.  Here  are  two 


.'Q 


A 


waves  of  silvered  bea^jyboth  of  which,  when  I  turn  the 
handle  of  the  m<xtejS$hl  march  along.  Both  have  the 
same  wave-lengtf^both  march  at  the  same  pace  and 
toward  theQ^aifre  end.  But  there  is  this  difference 
betweei;  |j^m :  in  one  the  displacements  are  polarised 
at  45°^te  way;  in  the  other  the  displacements  are  at 
other  way.  Of  course  there  is  some  mechanism 
e  the  box  to  make  them  move  thus ;  but  they  illus- 
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trate  what  is  meant  by  saying  that  there  can  be  two 
waves  polarised  at  right  angles  to  one  another. 

But  the  point  still  remains  why  should  the  spar  so 
act  on  the  light  as  to  split  it  into  two  oppositely  polarised 
beams?  Let  us  first  prove  that  the  spar  really  does 
this.  Here  is  a  piece  of  spar  mounted  as  a  double¬ 
image  prism.1  In  front  of  the  lantern  is  placed  first  a 
metal  diaphragm  having  a  round  hole  in  it,  the  image  of 
which  is  focused  on  the  screen,  giving  a  circular  white 
spot.  Now  interposing  the  double-image  prism  we  see 
that  it  splits  the  light  into  two  parts,  diverting  half  the 
light  away  from  the  original  spot, 
and  producing  a  second  one  which 
(with  this  size  of  aperture  in  the 
diaphragm)  overlaps  the  first.  On 
rotating  the  double -image  prism 
it  is  seen  that  the  ordinary  image 
remains  stationary,  whilst  the  ex¬ 
traordinary  image  revolves  around 
it.  Now  to  prove  that  they  are 
each  polarised,  I  interpose  a  Nicol  On  rotating 

it,  it  is  observed  to  cut  off  first  on^orme  two  spots  and 
then  the  other.  If  the  Nicol  ©ism  is  set  so  as  to 

1  That  is  a  prism  of  spar  moa*kyi  in  such  a  way  as  to  throw 
both  the  images  upon  the  There  are  several  modes  in 

which  such  may  be  const  The  usual  mode  is  to  take  a 

wedge  of  spar  cementec  hO'  corresponding  wedge  of  glass.  The 
“  extraordinary  ”  beam>^t  is  to  say,  the  beam  whose  vibrations 
are  executed  in  pla^^  parallel  to  the  crystallographic  axis)  goes 
straight  through  ‘  ordinary  ”  beam,  and  emerges  obliquely, 

giving  a  displa^^image.  If  the  prism  is  made  of  two  wedges  of 
spar  cut  g^Mtelent  angles  and  crossed,  the  “ordinary”  image  is 
the  centrxi^J^e  while  the  “extraordinary”  image  revolves. 


126 


LIGHT 


I.ECT. 


transmit  only  vertical  vibrations,  while  the  double-image 
prism  is  rotated  it  is  observed  that  when,  as  in  Fig. 
88,  the  two  images  are  in  the  position  vertically  above 
one  another,  the  ordinary  is  cut  off,  while  the  extra¬ 
ordinary  is  transmitted.  On  turning  round  the  double¬ 
image  prism  the  ordinary  image  gradually  appears,  while 
the  extraordinary  fades  away,  until  when  the  prism  has 
been  turned  one  quarter  round  the  ordinary  image  is 
transmitted,  and  the  extraordinary  cut  off,  as  is  evident 
from  Fig.  89.  If  the  prism  is  turned  to  450  both  images 


Fig.  88.  Fig.  89.  Fig.  90. 

are  equally  bright,  the  direction^J^the  resolved  vibra¬ 
tions  being  as  shown  by  the  $ImS{nes  in  Fig.  90. 

Now,  having  proved  t^ar^the  spar  does  split  the 
light  into  two  beams  ©  \vhich  the  vibrations  are 
moving  in  different  we  have  yet  to  consider  how 

it  effects  this.  ^W^frfesolution  of  oblique  movements 
into  two  compasses  at  right-angles  to  one  another  is  an 
important  p^mpple  in  mechanics,  and  one  which  is  best 
illustratpcWpr  our  purpose  by  means  of  a  model.  Sup¬ 
pose  ttarohere  is  a  displacement  taking  place  obliquely, 
it  ^^\Mways  be  resolved  into  two  parts — a  part  which 
i^v£>-and-down,  and  a  part  which  is  right-and-left  in 
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direction.  The  model  (Fig.  91)  is  fixed  upon  a  board, 
on  the  corner  of  which  is  drawn  a  little  diagram.  Sup¬ 
pose  the  oblique  motion  to  be  from  A  to  B,  then  you  can 
resolve  that  oblique  motion  into  two  parts — a  vertical 
part  marked  AV,  and  a  horizontal  part  marked  AH. 
Every  schoolboy  knows  the  problem  called  the  “  paral¬ 
lelogram  of  forces,”  according  to  which  when  two  forces 
act  on  one  point  at  the  same  time,  they  combine  into  a 


single  oblique  resultant  along  thd^dutgonal  of  the  paral¬ 
lelogram  of  which  the  two  comjjghent  forces  are  sides. 
Well  our  present  problem  isJ0&ply  the  converse  to  that. 
Here  in  the  model  are  t^y^ooden  slides,  with  cross¬ 


heads.  One  can  sli< 
right-and-left  on^T 


Jhp-and-down  only :  the  other 
.unning  in  grooves  in  the  two 


cross-heads  is  gi  gp^ler  fixed  to  the  end  of  a  third  bar  of 
wood,  which  xsK  be  set  in  any  oblique  position,  and 
then  slid^rajhg  obliquely  by  hand.  If  I  set  this  third 
bar  hom^mal  and  slide  it  along,  all  the  movement  it 
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gives  is  horizontal — there  is  no  vertical  component.  If 
I  set  it  vertical  and  slide  it  up  and  down,  it  simply  moves 
the  vertical  slide  up  and  down.  But  if  I  set  it  obliquely, 
and  slide  it  along,  then  part  of  its  motion  produces  a 
movement  of  the  vertical  slide,  while  the  horizontal 
component  of  its  motion  produces  a  movement  of  the 
horizontal  slide.  How  much  of  the  motion  will  be 
vertical,  and  how  much  horizontal,  will  depend  obviously 
on  the  angle  at  which  the  original  motion  is  imparted. 
Now  there  is  one  particular  angle  at  which  the  resolved 
portions  would  be  equal  to  one  another.  What  is  that 
angle  ?  If  I  set  the  bar  which  produces  the  displace¬ 
ment  exactly  midway,  at  450,  that  displacement  will  be 
resolved  into  two  equal  components.  You  will  remember 
that  at  450  the  double-image  prism  yielded  two  images  of 
equal  brightness. 

Such  a  resolution  into  two  parts  can  be  produced  on 
oblique  waves  of  light  by  any  of  the  cry^piiere,  such 
as  Iceland  spar,  quartz,  mica,  or  selenifCy  provided  the 
crystal  possesses  a  particular  kind-oC^tructure.  The 
condition  is  that  the  crystal  shall  j&«3ess  a  greater  optical 
rigidity — a  greater  stiffness  ^yKis — in  one  direction 
than  in  another.  You  kncm  what  one  means  when  one 
talks  about  the  grain  in  Vr  piece  of  wood — how  much 
easier  it  is  to  split  0fi)ne  direction  than  in  another. 
But  this  grain,  w4&5a)depends  on  the  fibrous  structure, 
manifests  its  other  ways  than  by  ease  of  cleavage. 
A  piece  of  wSeu  is  harder  to  bend  along  the  grain  than 
across  it  I>$?nd  so  with  some  crystals :  they  possess  an 
invisitQ*  structure,  a  grain  so  fine  that  we  cannot  see 
th^fetes  or  lines  of  structure ;  but  that  grain  manifests 
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itself  in  various  ways.  There  are  differences  in  ease  of 
cleavage,  and  also  differences  in  rigidity1  in  different 
directions.  This  particular  crystal — Iceland  spar — has 
a  greater  rigidity  in  one  direction  than  in  another,  and, 
as  a  result,  any  wave  of  light  passing  obliquely  into  it 
is  split  into  two  portions,  one  having  vibrations  parallel 
to  the  axis  of  greatest  rigidity,  and  another  portion 
having  vibrations  parallel  to  the  axis  of  least  rigidity  ; 
therefore  at  right  angles  to  the  former.  That  is  why  it 
splits  the  light  into  two  parts,  and  why  those  parts  are 
each  polarised.  Some  crystals,  namely,  diamonds  and 
garnets,  are  equally  rigid  in  all  directions,  and  therefore 


1  The  word  rigidity  is  here  preferred,  though  in  many  treatises 
it  would  be  spoken  of  as  “elasticity.”  To  say  that  the  crystal 
possesses  different  “elasticities”  in  different  directions — which 
is  quite  correct — would  convey  to  many  people  an  erroneous  idea, 
because  of  the  incorrect  way  in  which  the  word  “  elastic  ”  is  often 
used.  Elastic  does  not  mean  that  a  thing  can  be  easily  str^&wd. 
The  hardest  hard  steel  is  more  perfectly  elastic  than  a  bit^Mhdia- 
rubber,  but  it  certainly  is  not  so  stretchable.  In  sayina^Awft  it  has 
elasticity  we  mean  that  however  little  we  may  succee^T^Scompress- 
ing  or  stretching  it,  it  returns  back,  when  relea^vio  its  former 
shape  or  size.  In  scientific  treatises  that  suhsiaj^;  is  regarded  as 
having  the  highest  co-efficient  of  elasticit4whmh  requires  the 
greatest  stress  to  produce  a  given  deformanbn  or  strain.  When  we 
are  dealing,  as  in  the  case  of  transverse  emplacements,  with  motions 
tending  to  shear  (see  p.  107  above^^he  medium,  the  particular 
elasticity  to  be  considered  is  the  ^j^ticity  which  resists  shearing, 
and  for  this  the  term  rigidity  V  is  $Tr  (rely  appropriate.  In  all  this 
optical  work  we  are  of  couTswVdealing  not  with  the  mechanical 
elasticity,  but  with  the  cptfcfl  elasticity,  that  is  to  say,  with  the 
elasticity  of  the  ether  witnfn  the  substance.  It  is  this  which  in  the 
crystals  in  questionNs^garded  as  greater  in  one  direction  than 
in  another.  Thejjpater  the  rigidity  the  higher  is  the  velocity  of 
propagation  oMhgwave  whose  displacements  are  in  that  direction. 
See  Append*i^S  Lecture  III.  p.  156. 
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these  do  not  show  any  double  refraction,  nor  do  they 
polarise  the  light. 

Here,  again,  is  a  model  to  illustrate  the  splitting  of 
the  waves.  Two  thin  flexible  strips  of  ebonite,  O  and  E 
(Fig.  92),  are  inserted  into  saw-cuts  in  the  end  of  a 
cylinder  of  wood.  In  the  other  end  I  can  fix  a  third 
strip,  A.  Notice,  if  you  please,  that  O  is  set  with  its 
edge  vertical,  and  is  capable  of  vibrating  right  and  left ; 
while  E  is  set  with  its  edge  horizontal,  and  can  vibrate 
up  and  down  only.  Holding  the  wooden  cylinder  in 
my  left  hand,  I  apply  my  right  hand  to  give  a  vibratory 


Fig.  92. 


movement  to  the  strip  A  at  the  other  If  I  waggle 

A  from  right  and  left,  then  O  vibratesWjS  right  and  left. 
If  I  waggle  A  up  and  down,  thervE  vibrates  up  and 
down,  while  O  is  quiet.  If  I  impart  to  A  an 
oblique 1  motion,  both  O  vibrate,  the  oblique 


motion  being  resolved  ii£^a  vertical  part  and  a  hori¬ 
zontal  part. 


now  see  some 


these  operation*  of  splitting  the  vibrations  into  two 
parts,  of  ^compounding  them  after  passing  through  a 

1  Tl^^nd  of  the  cylinder  into  which  A  is  fixed  is  capable  of 
be^vm-ned  round  on  a  joint  at  J,  the  cylinder  being  made  in  two 
^Jpitting  on  one  another. 
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slice  of  crystal,  and  then  of  analysing — that  is  to  say, 
resolving — the  light  that  falls  upon  the  screen. 

In  front  of  the  lantern  there  has  been  set  the  large 
Nicol  prism  as  polariser,  and  in  front  of  that  a  smaller 
Nicol  prism  as  analyser.  When  the  latter  is  turned  to 
cross  the  former  we  have  the  dark  field  (p.  119),  all  light 
being  cut  off.  The  only  light  that  passes  through  the 
first  Nicol  consists  of  vertical  vibrations,  and  as  the 
second  Nicol  is  set  to  transmit  horizontal  vibrations  only, 
nothing  comes  through  it.  Now  I  take  up  a  piece  of 
thin  mica  (that  crystalline  substance  of  which  lamp¬ 
shades  are  sometimes  made,  and  often  miscalled  “talc”), 
and  hold  it  obliquely  in  the  path  of  the  polarised  light 
on  its  way  from  the  polariser  to  the  analyser — in  fact, 
between  the  two  Nicols.  See  how  it  brings  light  into 
the  dark  field.  In  TyndalPs  expressive  phrase  it  seems 
to  “scrape  away  the  darkness.”  See,  too,  what  te^iti- 
ful  tints  it  shows !  Yet  it  itself  is  perfectly  c^ttrless. 
Why,  then,  this  light  and  these  colours  ?  rQVell,  the 
light  is  easily  explained.  The  cryst$^Cpossesses  a 
greater  rigidity  in  one  particulay^jQction  through 
its  substance  —  an  “axis  of  mraifktrfn  elasticity,”  as 
it  is  called.  If  we  set  theQftce  with  that  axis 
obliquely  (Fig.  93)  across  th01irection  of  the  vertical 
vibrations,  then  it  will  res^k^  those  vertical  vibrations 
into  two  parts,  one  p  WT  iarallel  to  the  axis  of  maxi¬ 
mum  elasticity  an<T*tft<?  other  at  right  angles  to  that 
axis.  These  tw^seTs  of  waves  in  the  crystal  will  both 
be  oblique.  "PvP travel  through  the  thickness  of  the 
slice  at  urwjCwspeeds,  and  when  they  emerge  again  at 
the  othd^Me  of  the  crystal  one  set  of  vibrations  will 


.'Q 


A 


i32 


LIGHT 


LECT. 


have  got  a  little  behind  the  other.  Hence  the  two 
components  as  they  emerge  and  recombine  will  not 
produce,  as  their  resultant,  vibrations  that  are  vertical. 
The  resultant  vibrations  may  be  oblique,  or  even 
elliptical;  their  precise  nature  and  orientation  will 
depend  on  the  nature  and  thickness  of  the  slice  of 
crystal  used,  and  upon  the  wave-length  of  the  light. 
But  the  immediate  point  is  that  the  resultant  emerging 


FiG.c^y 

pmbvised  vertically  ;  the  crystal 


waves  will  no  longer  be 


slice  will  have  so  spli0ip,  retarded,  and  recombined 
the  vibrations  that  tfjfe^emerge  vibrating  in  other  direc¬ 
tions.  Hence  tft^£merging  light  when  it  falls  upon  the 
analyser  will/TfxQess  some  horizontal  components,  and 
these  wilUa^ou  see,  be  transmitted.  The  colours 
depencwjran  the  thickness  of  the  slice  of  crystal; 
whis)C^  this  case  is  very  irregulab  seeing  that  it  is 


[y  a  rough  piece  split  off  with  a  pocket  knife. 
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This  is  mica ;  but  there  is  another  kind  of  thin  crystal 
known  as  selenite  (or  gypsum),  which  is  also  readily 
split  with  the  knife,  and  produces  similar  effects.  There 
are  plenty  of  other  crystals  that  will  produce  similar 
effects. 

Here,  mounted  in  a  small  glass  cell,  are  two  rubies. 
Putting  them  in  front  of  the  polariser,  and  adjusting  a 
lens  to  focus  them  on  the  screen,  you  see  how  much 
alike  they  are.  One  is  a  genuine  ruby,  though  slightly 
flawed ;  the  other  is  a  sham  ruby  of  glass,  also  slightly 
flawed.  Which  is  which  ?  You  may  guess  or  choose ; 
but  I  wish  to  know.  That  knowledge  we  can  obtain 
by  putting  in  front  of  the  lens  the  second  Nicol  as 
analyser.  Turning  it  to  position  we  obtain  the  dark 
field ;  and  in  that  field  one  of  the  two  gems  shines  out 
while  the  other  is  dark.  The  one  which  shines  out  is 
the  genuine  ruby,  for  it  alone  possesses  the  of 

maximum  elasticity.  If  we  slowly  revolve  th^yfell  so 
as  to  make  the  images  of  the  two  gems  around 

one  another,  the  one  simply  remains  while  the 

other  goes  through  alternations  of  and  darkness. 
It  is  dark  in  those  positions  in  w$fict5rits  axis  of  maxi¬ 
mum  elasticity  stands  either  ver(J$il  or  horizontal,  and 
shines  brightest  in  the  twQ^®!>sitions  where  that  axis 
stands  at  450  of  obfiquk)pMhght  or  to  left,  at  which 
angle  the  resolution  ini^$he  two  oblique  components  is 
most  complete. 

Now  we  plac^n  our  apparatus,  between  polariser 
and  analyser,  (a^ibther  cell  containing  several  assorted 
gems — a  garnet,  topaz,  emerald,  sapphire,  chryso- 

beryl,  arn^a  little  diamond  in  the  centre.  Adjusting 
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the  analyser  to  give  us  the  dark  held,  and  then  slowly 
rotating  the  cell,  note  how  each  crystal,  when  its  axis 
of  maximum  elasticity  comes  to  the  oblique  position  of  • 
450,  shines  out.  But  there  are  two  that  show  nothing — 
the  diamond  and  the  garnet,  crystals  belonging  to  the 
“  cubic  ”  system,  whose  elasticities  in  all  directions  are 
equal. 

Here  are  a  few  more  objects  for  our  polariscope, 
slices  of  crystals  and  minerals.  First  of  all  a  bit  of 
amethyst.  Though  by  ordinary  light  it  is  quite  clear 
and  of  a  pale  purple  tint,  yet  when  examined  by  polar¬ 
ised  light  it  is  at  once  evident  that  the  gem  consists  of 
a  number  of  superposed  separate  layers,  which  show 
alternately  dark  purple  and  white ;  while  some  regions 
of  the  crystal  show  strange  masses  of  unexpected  colour, 
and  these,  if  one  turns  the  analyser  round,  change  tint. 
A  second  piece  of  amethyst,  from  Brazil, ^?^c%s  a  more 
perfect  structure.  Jtr 

Here  is  a  thin  slice  of  gray  SgjffSh  granite.  Its 
natural  mottlings  are  merely  bla&g-'and  white,  being 
composed,  as  mineralogists  witfSpj'you,  of  small  crystals 
of  transparent  quartz  and  ^rmTsparent  felspar,  mingled 
with  specks  of  black  itOl  But  when  viewed  by 
polarised  light  the  wl#  slice  shows  wonderful  gleams 
of  colour,  and  re^Cyubw  details  of  structure. 

This  next  boewitful  object  is  a  thin  transverse  slice 
of  a  stalacti^^ne  of  those  natural  deposits  of  calcare¬ 
ous  spar*\^fejch  hang  like  icicles  from  the  roofs  of  caves. 
Its  derfc^h,  layer  by  layer,  almost  concentrically,  is 
ev^d^  ;  but  in  the  polariscope  it  shows  a  mysterious 
F**  cross,  which,  when  the  analyser  is  rotated,  changes 
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to  a  white  cross.  This  black  cross  is  visible  in  the  dark 
field.  Such  black  crosses  one  obtains  whenever  the 
object  is  one  having  different  rigidities  in  the  radial 
and  tangential  directions.  The  next  slide  shows  it  even 
better.  This  is  an  artificial  crystal  of  a  stuff  called 
salicine,  which  can  be  dissolved  in  alcohol.  When  the 
solution  is  poured  upon  a  warm  piece  of  glass  the 
alcohol  evaporates,  and  the  salicine  crystallises.  The 


Fig.  94.  ,cF 

operation  of  crystallising  starts  a  number  of  inde¬ 
pendent  centres,  around  whic^little  groups  of  crystals 
grow  with  a  radial  structui^Opd  a  circular  outline.  As 
their  axes  of  maximun^Jasticity  all  point  radially  to 
the  centre  arounc^wferfch  they  grew,  the  maximum 
resolution  of  th^mTve  light  will  occur  in  each  little 
circle  at  45 0  tcvi&sfnt  and  to  left,  while  in  the  two  direc¬ 
tions,  verfeffVind  horizontal,  there  will  be  no  resolu- 
^olarised  light,  and  these  (in  the  dark  field) 
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will  therefore  remain  dark,  giving  the  black  crosses. 
On  revolving  the  analyser  quickly,  so  that  the  black 
crosses  change  to  white  crosses  and  then  turn  black 
again  in  rapid  succession,  all  the  little  crosses  in  the 
separate  groups  of  crystals  appear  to  revolve  like  so 
many  little  windmills. 

Here  is  a  thin  slice  of  selenite,  split  off  quite  irregu¬ 
larly,  and  of  different  thicknesses  in  different  parts. 
Without  the  analyser  it  shows  on  the  screen  nothing 
worthy  of  attention,  being  nearly  clear  as  glass  and 
quite  colourless.  But  replacing  the  analyser  to  produce 
the  dark  field,  at  once  a  gorgeous  set  of  tints  is  pro¬ 
duced.  At  one  part  the  thickness  is  such  that  the  tint 
is  a  fine  orange;  just  above  it  where  the  crystal  is  a 
shade  thicker  comes  a  patch  of  brilliant  crimson.  These 
being  the  tints  in  the  dark  field,  see  how,  i when  the 
analyser  is  rotated  a  quarter  so  as  to  gwCqae  bright 
field,  each  tint  changes  to  its  comj^nentary,  the 


orange  turning  to  azure  blue,  and 
to  vivid  green. 


:rimson  turning 


Now  I  have  yet  to  explaij 


these  colours  come 


about.  All  I  have  said  is  ^haf  they  depend  upon  the 
thickness  of  the  crystal  fillQand  upon  the  wave-lengths 
of  the  different  ght.  If  on  its  passage  through 

the  crystal  the  3  are  split  up  into  two  parts 

that  travel  wit  speeds,  one  set  of  vibrations 


of  the  different 
the  crystal  the 
that  travel  wit 
will  gain  onuhje^oth 


3  are  split  up  into  two  parts 
speeds,  one  set  of  vibrations 


1  (th^  ^other ;  the  one  that  is  more  retarded 


will,  when<jtfc)  emerges,  have  lost  step  with  the  other  set. 
This  “  d(j^rence  of  phase  ”  due  to  the  different  speed  of 
tnnjb&n^  may  in  a  thin  slice  of  crystal  be  as  little  as 
ori^quarter  or  one  half  only  of  a  wave-length;  or  it 
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may,  if  the  crystal  is  thicker,  be  more  than  a  whole 
wave-length,  or  it  may  be  several  wave-lengths.  The 
question  as  to  how  the  two  sets  of  waves  will  recombine 
when  they  emerge  at  the  other  face  of  the  crystal  slice, 
will  depend  upon  the  question  how  much  one  wave  has 
got  out  of  step  with  the  other  wave.  Clearly  that  will 
depend  on  the  kind  of  light  and  on  the  thickness  of  the 
slice.  If,  for  example,  a  slice  of  mica  inch  thick 
caused  the  waves  of  yellow  light  to  get  exactly  one 
quarter  of  a  wave-length  out  of  step  with  one  another, 
then  it  is  clear  that  a  slice  twice  as  thick  would  produce 
twice  as  much  retardation  of  phase,  and  make  the  two 
sets  of  yellow  waves  get  exactly  half  a  wrave-length  out 
of  step.  Further,  if  the  thickness  were  such  as  to  make 
yellow  waves  get  exactly  half  a  wave  out  of  step,  it 
would  not  produce  an  exact  half-wave  retardation  ujapn 
the  larger  red  waves,  or  upon  the  shorter  violet^jCv^s. 
The  consequence  of  all  this  is  that  in  the  ro^mina- 
tions  of  the  emerging  waves  after  passing  Hvbugh  any 
given  thickness  of  material,  the  angle^sj-'which  the 
vibrations  recombine  is  different  f^ryijfferent  wave¬ 
lengths.  If,  for  example,  the  cry^il  rnickness  is  such 
that  green  waves  in  recombinin^come  out  vibrating 
nearly  vertically,  then  for  tha^^&ickness  of  crystal  green 
light  will  be  almost  entirdj^Woff  in  the  dark  field,  but 
almost  entirely  transmitted  in  the  bright  field.  So  we 
have  this  complemd^t^ry  relation  between  the  tints  in 
the  two  position  ^the  analyser. 

The  succes£5p  of  tints  for  a  regularly  increasing 
thickness  ^Kj&ystal  follows  the  order  of  the  tints  known 
as  Newtcha’s  “Colours  of  Thin  Plates.”  Sir  Isaac 
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Newton  examined  the  colours  of  soap-bubbles  and 
other  thin  films,  and  ascertained  their  relation  to  the 


Fig.  95. 


thickness©^*  the  film  by  ingeniously  producing  a  film  of 
air  bet(v^n  two  pieces  of  glass,  one  flat,  the  other  very 
sfidyHy  curved.  There  is  now  projected  upon  the 
sS^feen  the  system  of  coloured  rings  (“ Newton’s  rings”) 
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so  produced.  Where  the  two  pieces  of  glass  touch 
there  is  a  central  dark  spot ;  around  this  centre  there 
are  coloured  rings  of  light  of  the  several  “orders.” 
The  tints  are  set  forth  in  the  accompanying  Table. 
Those  of  the  first  order,  beginning  with  black,  are  very 
dull,  and  end  with  a  dark  purple  or  “transition  tint,” 
after  which  the  colours  of  the  second  order  follow 
almost  those  of  the  spectrum,  except  that  there  is  no 
good  green.  At  the  end  of  the  second  order  comes 
again  a  purple  “transition  tint,”  after  which  the  third 
order  gives  a  sort  of  spectrum  series  with  a  good  green 
but  with  a  poor  yellow.  To  the  third  order  succeeds  a 
fourth  with  paler  tints,  mostly  green  and  red,  then  a 
still  paler  fifth,  followed  by  higher  orders  that  are  still 
less  distinct.  The  corresponding  thicknesses  of  the  film 
are  given  in  millionth  parts  of  an  inch.  For  producing 


are  given  in  millionth  parts  ot  an  inch.  P  or  producing 
the  kindred  set  of  Newton’s  tints  by  means  of  thii^Jrr^s 
of  selenite  in  the  dark  field  of  the  polariscoi^hiuch 


of  selenite  in  the  dark  field  of  the  polarisccml^fnuch 
greater  thicknesses  must  be  used,  because  pheno¬ 
menon  is  due  to  the  difference  between  th^wo  velocities 
of  the  two  sets  of  vibrations.  T  produce  a  re¬ 
tardation  of  \  wave,  and  therefore  e  same  whitish 

tint  as  an  air-film  5*5  millionths  of  i  thick,  a  piece 

of  selenite  must  be  used  the  tlJplness  of  which  is  about 

'gj&duced — see  p.  145 — are 


greater  thicknesses  must  be  used,  because  pheno¬ 
menon  is  due  to  the  difference  between  th^wo  velocities 
of  the  two  sets  of  vibrations.  T  produce  a  re¬ 
tardation  of  \  wave,  and  therefore  e  same  whitish 

tint  as  an  air-film  5*5  millionths  of  i  thick,  a  piece 


Le  ti&k 

'f^Ui 


the  air  film  tints  because  of 
:rsion  in  the  selenite. 


[Table 
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Now  the  reason  for  this  peculiar  succession  of  tints 
arises  from  the  overlapping  of  the  successive  orders  for 
the  waves  of  different  colours.  When  produced  as 
Newton  made  them,  by  the  interference  of  light  by  re¬ 
flexion  from  the  upper  and  lower  surfaces  of  a  film  of  air, 
there  would  be  found,  at  a  particular  distance  from  the 
centre  a  particular  thickness  of  film  such  that  the  light 
reflected  at  the  second  surface  is  exactly  half  a  wave 
out  of  step  with  the  light  reflected  at  the  first  surface. 
At  this  place — the  air  film  being  here  of  a  thickness 
equal  to  a  quarter  of  the  wave-length  of  that  kind  of 
light — that  particular  kind  of  light  would  be  cut  off  by 
self  -  interference.  For  example,  yellow  light  having 
waves  22  millionths  of  an  inch  long,  would  be  cut  off 
by  interference  when  the  film  is  5!  millionths  of  an  inch 
thick.  But  as  all  the  waves  have,  to  begin  with,  lost 
half  a  wave-length  (as  evidenced  by  the  central  «At 
being  black),  by  reason  of  the  second  reflexion  bojX^an 
external  one,  the  result  is  that  all  round  the  e,  at 
such  a  distance  that  the  film  is  5J  millionths0^an  inch 
thick,  yellow  light  is  reinforced,  and  thej^Qjseen  a  bright 
ring — the  first  order  for  yellow  lights  VA#  red  waves  are 
27  millionths  of  an  inch  long  the  ijn&for  the  first  order 
for  red  light  will  be  at  a  place  ^iere  the  film  is  about 
6f  millionths  of  an  inch  thiQ^  Newton’s  rings  then 
will  seem  of  different  sizfe^n  different  kinds  of  light ; 
and  since  white  light"*  Shsists  of  all  different  colours 
mixed  up,  the  Newtohr  tints  will  be  produced  by  the 
overlappings  of  albto?  different  tints.  This  may  be  made 
plainer  by  couriering  a  diagram  (Fig.  96)  in  which  the 
various  siz^^f  waves  are  represented  to  scale.  Let  the 
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distances  measured  horizontally  from  the  left  side  repre¬ 
sent  the  distances  from  the  centre  of  the  system  of 
Newton’s  rings,  the  air-gap  being  supposed  to  widen  in 


red  . 

ORANGE 

YELLOW 

GREEN 

PEACOCK 

BLUE  . 
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Resultant  Tint 
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Thickness  of 
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Millionths  of 
Inch 


Fig.  9 6. 


proportion/TcMie  radius.  Then  if  red  light  was  the 
only  kind  railing  on  the  apparatus  it  would  show  a 
systera*isrred  rings  with  a  black  centre,  the  distance  of 
eadPSuccessive  red  ring  from  the  centre  corresponding 
places  where  the  crests  of  the  red  waves  occur 


Ill 


POLARISATION  OF  LIGHT 


M3 


in  the  highest  row.  Similarly,  if  yellow  light  alone  were 
present,  there  would  be  a  rather  smaller  system  of 
yellow  rings  seen,  spaced  out  as  are  the  crests  of  the 
yellow  waves  in  the  third  line.  And  so  forth  for  other 
colours.  Now  since  the  rings  in  the  self-produced  light 
of  any  one  colour  are  of  a  different  size  from  the  rings 
in  the  set  produced  by  light  of  another  colour,  it  follows 
that  when  white  light  is  used,  the  sets  of  rings  of  the 
different  colours  of  which  white  light  is  compounded 
will  overlap  one  another.  At  any  given  distance  from 
the  centre  the  resultant  light  will  be  the  sum  of  all  the 
various  amounts  of  coloured  lights  at  that  distance. 
Take  the  rows  of  waves  in  Fig.  96  and  treat  them  as  if 
Fig.  96  were  an  addition  sum  of  which  we  had  to  write 
down  the  total  from  left  to  right  at  the  bottom.  At  the 
very  beginning,  on  the  left,  there  is  nothing  to  add  up, 
because  the  waves  have  not  yet  more  than  begi^^to 
rise.  A  little  farther  along  all  the  waves  ar^pglng. 
Consider  a  distance  such  that  the  yellow  wav^s  at  its 
highest  point.  Imagine  a  vertical  line  <^vjn  through 
the  top  of  the  first  yellow  wave.  ELaJ0much  of  the 
other  kinds  of  light  are  present  ?  /TNejfc  is  a  great  deal 
of  orange  and  some  red,  a  great  of  green  and  pea¬ 
cock,  some  blue  and  some  vio]^  Now  all  these  added 
together  will  make  a  nearfeWhite  light,  but  rather 
yellowish  owing  to  the  S^sonderance  of  yellow.  The 
result  is  that  at  th^cQresponding  distance  from  the 
centre  there  will  he  V'yellowish  white  ring :  and  the  air 
film  at  this  plara^rabout  5!  millionths  of  an  inch  thick. 
Now  conside^Ctlistance  twice  as  great  from  the  centre 
of  the  rir^  or  at  the  end  of  the  first  yellow  wave,  where 
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the  film  is  about  n  millionths  of  an  inch  thick.  There 
is  no  yellow,  but  there  will  be  a  very  little  orange  and 
some  red ;  there  will  be  next  to  no  green  or  peacock, 
but  there  will  be  a  little  blue  and  much  violet.  These 
colours  add  up  to  a  dark  purple  tint,  which  in  the 
coloured  diagram  on  the  screen  is  set  down  as  the  total 
in  the  bottom  line.  It  may  be  new  to  you  to  think  of 
adding  up  colours  and  putting  down  the  totals,  but  that 
is  the  way  to  reckon  out  the  resultant  tint.  Referring 
back  to  the  table  of  Newton’s  tints  we  now  see  that  they 
range  themselves  in  regular  orders  with  the  purple 
transition  tint  at  the  end  of  the  first  order  where  the 
air  film  is  1 1  millionths  of  an  inch  thick,  another  purple 
tint  at  the  end  of  the  second  order  where  the  film  is  22 
millionths  thick,  and  a  third  at  the  end  of  the  third 
order,  where  the  film  is  33  millionths  thick.  In  fact 
these  darkest  tints  in  the  series  correspond  to  the 
thickness  at  which  interference  occurs  foM^sllW  light. 

Now  these  Newton’s  tints — produces^Sy  interference 
and  overlapping — are  in  general  tjff^Ssame  as  the  tints 
which  result  from  the  intro ducti^Nof  our  thin  slices  of 
crystals  into  the  polariscope.QCnd  the  reason  why  the 
thin  slices  of  crystal  whemS^amined  by  polarised  light 
give  the  same  general  series  of  tints  is  as  follows. 

Suppose  the  polajj^ecl  light  to  fall  on  a  thin  slice  of 
crystal  that  has^^Axis  set  obliquely  across  the  beam. 
Then  the  vibr©ons  in  going  through  the  crystal  are 
split,  as  I  hbrc  explained,  into  two  parts,  one  vibrating 
parallel  e  axis,  the  other  part  at  right  angles :  and 
thev  <j$cnot  take  the  same  time  to  traverse  the  crystal 
icause  of  the  difference  between  the  rigidity  in  the 
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two  directions.  And  as  the  wave-lengths  of  different 
colours  are  different,  the  waves  of  various  colours,  though 
they  traverse  the  same  actual  thickness,  emerge  in 
different  states.  When  the  two  components  of  a  wave 
of  any  given  colour  recombine  on  emergence,  they  will 
recombine  to  form  a  vibration  in  some  new  direction, 
and  that  resultant  direction — whether  oblique  or  ellip¬ 
tical — will  be  different  for  different  colours.  Hence  it 
follows  that  the  analyser  will  cut  off  more  of  one  colour 
than  of  another;  and  the  light  which  comes  through 
the  analyser  will  be  the  total  of  all  the  resolved  parts 
of  each  kind  of  light.  If,  for  instance,  the  thickness  of 
the  crystal  is  such  that  the  yellow  light  on  emerging 
recombines  to  form  a  nearly  vertical  vibration,  then  the 
analyser  when  horizontal  will  cut  off  the  yellow,  and  the 
resultant  light  that  comes  through — the  total  of  all  the 
other  parts — will  be  of  a  dark  violet  hue.  Just 
colours  in  the  Newton’s  rings  depend  on  the  th0t  ness 
of  air  film  between  the  glasses,  so  do  these^EHours  of 
the  film  of  crystal  in  the  polariscope  d&gnd  on  the 
thickness  of  the  film  (see  p.  139). 

The  next  object  to  be  shown  yoil^s  aslice  of  selenite 
that  is  exceedingly  thin  at  one  cO,  and  thick  at  the 
other,  being  tapered  as  a  verv*(®h  wedge.  It  exhibits 
most  magnificently  the  tints  up  to  the  end  of 

the  third  order.  It  w^vbrve  as  a  standard  of  com¬ 
parison  for  other  sl^e^.  For  instance,  there  is  now 
placed  in  the  apngeatus  a  uniform  piece  of  crystal.  It 
shows  in  the  d^FJpfield  the  red  of  the  second  order.  I 
therefore  kjjh^mat  it  is  precisely  of  the  same  thickness 
as  the  we^je  is  at  the  place  where  the  wedge  shows 
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the  same  red  tint.  This  red  turns  to  a  vivid  green 
when  the  analyser  is  rotated  so  as  to  give  the  bright 
field.  So  again  a  slice  which  in  the  dark  field  gives  a 
violet  of  the  second  order  changes  in  the  bright  field  to 
the  complementary  primrose  tint. 

I  now  take  two  prepared  pieces  of  mica,  which  will 
be  exhibited  to  you  first  separately  and  then  together. 
One  of  them  shows  the  blue  of  the  second  order,  a  tint 
which  by  reference  to  the  table  is  the  same  as  that  pro¬ 
duced  by  an  air  film  13  millionths  of  an  inch  thick. 
The  other  shows  a  yellow  of  the  second  order,  corre¬ 
sponding  to  an  air  film  18  millionths  of  an  inch  thick. 
Now  guess  what  will  happen  if  they  are  both  put  in  to¬ 
gether.  Will  blue  and  yellow  make  green?  Not  by 
any  means.  If  superposed  (with  their  axes  both  at  450 
to  the  right)  they  will  have  the  same  effect  as  a  piece  of 
mica  would  have  if  its  thickness  was  equ«X  to  that  of 
the  two  added  together  :  or  it  will  act  a^Wfilm  of  air  in 
the  Newton’s  rings  31  millionths  /4?van  inch  thick, 
giving  a  tint  which,  by  the  table^ga  see  to  be  a  rose 
red^®y  assistant  slides  one 
erysj^rl  over  the  other  (Fig. 

and  you  observe  in  this 
case  the  unexpected,  though 
predicted,  result  that  blue  and 
yellow  added  in  this  way  make 
pink.  Let  one  of  the  crystals 
now  be  turned  about  so  as  to 
t0  the  left,  so  that  it  will  act  negatively, 
%ne  same  result  as  if  we  had  subtracted  one  thick- 
rom  the  other.  What  tint  ought  it  to  give  ?  Sub- 
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tracting  13  millionths  (blue)  from  18  millionths  (yellow), 
we  obtain  the  answer  that  it  ought  to  give  the  same  tint 
as  an  air  film  5  millionths  of  an  inch  thick,  which  tint  is 
a  grayish  white.  Look  for  yourselves  and  see  how  on 
the  screen  where  the  blue  (reversed)  crystal  overlaps  the 
yellow  crystal,  the  resultant  tint  is  a  grayish  white. 

The  next  object  is  a  wedge  combination  made  of 
twenty-four  very  thin  pieces  of  mica  set  to  overlap  one 
another,  so  as  to  form  a  wedge  in  steps.  It,  like  the 
smooth  wedge  of  selenite,  gives  the  Newton  tints  of  the 
first  three  orders ;  in  this  case,  however,  not  gradating 
finely  into  one  another,  but  presenting  sudden  changes 
from  the  tint  of  one  thickness  to  the  tint  of  the  next. 
Where  the  crystal  shows  the  nearest  approach  to  white, 
namely,  at  a  point  half  way  along  the  first  order,  it  cor¬ 
responds  to  an  air  film  having  a  thickness  of  one-halkof 
the  length  of  the  wave  of  yellow  light.  Hence  $rt6ua 
crystal  is  called  a  half-wave  plate.  If  it  is  plac^^with 
axis  also  at  45  )  upon  one  of  the  other  slice^O^f  crystal 
in  the  polariscope,  it  is  observed  to  raise ^fljtne  tints  by 
an  amount  corresponding  to  an  addit/nV*  1 1  millionths 
of  an  inch  to  the  corresponding  t^cloiess  of  air  film, 
and  changes  each  to  almost  exactl^D  its  complementary 
tint.  Whitish  in  the  dark  it  is  nearly  black — a 

very  dark  purple— in  the^irtj^&ld.  The  next  slide  to 
be  put  in  the  polarise*^  is  an  illustration  of  this 
principle.  In  the  d^rkjfreld  you  see  a  white  swan  which, 

1  Not  precisely  as  it  cannot  be  an  exact  half-wave  plate 

for  all  different  It  is  selected  so  as  to  be  an  exact  half-wave 

plate  for  tha^VhXtliat  is  brightest  to  the  eye,  namely,  yellow,  or 
yellow-greeifc^^ 
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when  I  turn  the  analyser  to  give  us  the  bright  field,  changes 
to  a  black  swan.  The  space,  in  the  slide,  within  the 
outline  of  the  swan,  is  covered  with  a  piece  of  half-wave 
selenite.  I  possess  another  slide  in  which  a  baker’s  boy 
attired  in  white  clothes,  with  a  sack  of  flour  on  his  back, 
changes  to  a  chimney-sweep  bearing  a  bag  of  soot. 

A  slice  of  crystal  half  as  thick  as  the  half-wave  plate 
is  called  a  quarter-wave  plate.  It  produces  a  retardation 
of  one  quarter  of  a  wave 1  (for  yellow  light)  between  the 
two  components  of  vibration  that  traverse  the  slice. 

Here  is  a  beautiful  object.  A  thin  slice  of  selenite 
has  been  ground  so  as  to  be  hollow  on  one  face  like  a 
concave  lens,  thin  in  the  middle,  thicker  at  the  edges. 
As  a  result  it  shows  Newton’s  rings  in  afar  more  splendid 
manner  than  Newton’s  delicate  air  film  ever  showed 
them.  Along  with  this  concave  selenite  I  now  introduce 
a  slide  made  up  of  twelve  sectors  of  quarte^ave  crystal, 
set  with  their  axes  alternately  at  45  right  and 

450  to  the  left.  They  seem  to  dislike  the  Newton’s 
rings,  pushing  the  alternate  segn^Js  in  or  out  by  one 
quarter  of  a  whole  “  order tints.  Beyond  these 
objects,  and  next  the  anal^eSfA  now  introduce  upright  2 

1  The  quarter-wave,  if  set ' axis  at  450,  to  produce  as  mentioned 
a  difference  of  phase  of  a^fc^ter  between  the  two  components,  pro¬ 
duces  circularly  pqlamedjfight.  In  all  positions  of  the  analyser 
light  still  comes  a,  nearly  equally  ;  there  is  no  dark  field. 

Also,  if  a  quanfc«r©Lve  is  placed,  along  with  other  polarising  objects 
(such  for  exarn^  as  the  concave  selenite  next  described),  but  is  set 
with  its  axj£*ertical,  instead  of  at  450,  and  is  inserted  between  the 
polarisifgisEject  and  the  analyser,  it  produces  great  varieties  of  tint, 
each^vm  changing  to  its  complementary  going,  while  the  analyser 
through  an  intermediate  series  of  tints. 

See  preceding  note. 
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a  quarter-wave  plate.  And  now,  on  rotating  the  analyser 
we  have  the  strange  appearance  of  all  these  dislocated 
rings  of  colour  marching  inwards  to  disappear  at  the 
centre,  though  succeeded  in  turn  by  other  rings.  Re¬ 
volving  the  analyser  in  the  opposite  sense  causes  the 
rings  to  seem  to  grow  at  the  centre  and  march  outwards. 

Here  is  another  object  of  great  beauty,  a  butterfly  in 
form,  cut  out  of  selenite ;  and  here  also  is  a  heart’s-ease ; 
and  here  some  daisies  which,  though  pale  yellow  in  the 
dark  field,  turn  to  purple  Michaelmas  daisies  in  the 
bright  field.  To  pretty  devices  like  these  there  is  no 
end. 

We  may  now  apply  our  knowledge  to  a  further  study 
of  complementary  and  supplementary  tints.  A  few 
minutes  ago  I  showed  you  (Fig.  87,  p.  125)  how  the 
double-image  prism  as  analyser  gives  us  two  polarised 
images,  which,  when  the  polarised  light  passes  tHraugh 
a  circular  aperture  of  suitable  size,  overlap  oneofebther. 
If  with  the  same  arrangement  I  cover  the  ap&hire  with 
a  thin  slice  of  mica  or  selenite,  and  supe#3&ge  a  vertical 
quarter-wave  plate,  our  twooverlappin/dy^  on  the  screen 
are  seen  to  give  us  two  complemen&y  colours,  as  though 
we  had  two  analysers,  one  of  wm«i  had  been  turned 
through  90°.  As  we  turn  th|*cfetable-image  analyser  the 
two  images  revolve  aroujj  rdQue-  'another  exactly  as  they 
did  previously.  But usHytey  revolve  they  change  their 
colour  in  regular  submissions.  And  in  every  position, 
whatever  tint  on^Ciyage  shows,  the  other  shows  the  com¬ 
plementary  tmO  while  in  every  position  the  patch  of 
light  whei^&fey  overlap  is  white.  But  that  is  because 
we  take4tmr  white  light  of  the  electric  lamp  and  are 
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resolving  it  into  two  complementary  constituents.  Now 
if  I  interpose  a  piece  of  coloured  glass  to  colour  the 
beam,  we  shall  resolve  that  coloured  light  into  two  con¬ 
stituents  which  we  may  describe  as  “supplementary”  to 
one  another.  Blue  glass,  as  we  found  last  lecture, 
lets  some  green  and  violet  pass  as  well  as  blue ;  and 
here  again  you  see  the  fact  revealed.  Red  glass  on  the 
contrary  is  fairly  monochromatic ;  for  though  we  split 
its  light  into  two  supplementary  beams,  both  are  red, 
scarcely  differing  in  hue  from  one  another. 

Natural  crystal  patterns,  produced  on  glass  by  pour¬ 
ing  upon  it  some  crystallisable  solution  which  is  then 
allowed  to  dry,  form  objects  of  great  beauty.  Here,  for 
example,  is  a  plate  prepared  from  a  solution  of  anti¬ 
pyrin.  It  produces  an  effect  like  frost  on  the  window- 
pane.  But  the  delicate  traceries  and  pliunes,  when 
placed  in  the  polariscope,  show  the  mostygfo^eous  play 
of  colours,  as  you  see.  And  here  are  crystals  of 

sulphate  of  copper,  and  some  of  pvroghllic  acid,  which 
are  equally  curious. 

Now  there  are  in  nature /STJo^-y  substances  besides 
crystals  which  possess  di^erem  rigidities  in  different 
directions.  Thin  slices  oQood,  for  example,  and  bone, 
and  horn,  and  many otij^anim aland  vegetable  structures. 
Here  is  a  thin  horn.  It  is  nearly  transparent 

and  colourless.  x^Kht  if  put  into  the  polariscope,  with  its 
grain  incline^^r  4.50  to  the  vertical,  you  see  at  once  the 
remarkabl^treak  of  colour  which  it  produces.  Here 
again  quill-pen  flattened  out  and  mounted  as  a 
po&%p£bpe  object.  It  is  really  quite  gorgeous  in  its 
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Here  is  a  very  interesting  object,  the  natural  lens 
from  the  eye  of  a  codfish.  Having  a  fibrous  and  radial 
structure  it  shows  a  black  cross  in  the  dark  field. 

Glass,  under  ordinary  circumstances,  is  devoid  of  any 
difference  in  rigidity  between  one  direction  and  another. 
Nevertheless,  if  it  is  suddenly  heated  or  suddenly  cooled, 
the  unequal  expansion  of  its  parts  produces  differences  in 
rigidity  which  make  themselves  visible  in  the  polariscope. 
Here,  for  example,  is  a  small  square  piece  of  glass,  which 
at  present  shows  no  colour  or  any  other  effect  when 
placed  in  the  polariscope.  But  if  it  is  dropped  into  a 
heated  brass  frame  which  will  quickly  warm  its  edges 
before  the  central  part  of  it  has  time  to  expand,  its 
structure  will  be  put  under  unequal  stresses,  and  the 
resulting  strains  will  show  themselves  in  the  strange 
patterns  of  colours  which  you  now  see  growing  into  saght 
upon  the  screen.  SS** 

If  a  hot  piece  of  glass  is  suddenly  chilled,  s^Oj^at  the 
outer  part  cools  and  contracts  before  the  im£S  part  has 
time  to  cool,  the  piece  may  acquire  aM^-remain  in  a 
state  of  permanent  strain.  Such  gl^sNp^ially  described 
as  “unannealed,”  is  very  liable  t^Weak1  with  almost 
explosive  violence.  Here  is  a  s{yj!hre  piece  of  glass,  of 
no  colour  in  itself,  but  whicJ  l#s  been  suddenly  chilled. 
Its  state  of  permanent  sHriir'd*  at  once  revealed  by  the 
peculiar  pattern  and  >5^  dull  tints  that  seem  to  form 
around  a  distorted  ^^ss  radiating  from  its  centre.  A 

1  The  extreme  cjkp  is  presented  by  “Rupert’s  drops,”  which 
are  drops  of  mel^y^Tass  suddenly  cooled  by  dropping  them  into 
water.  Wheufkjmnined  in  polarised  light  (best  when  immersed  in 
a  small  gft^vfcank  filled  with  oil  to  obviate  surface  reflexions)  they 
show  fine  cWrours. 
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second  square  of  glass  which  has  been  still  more  suddenly 
cooled  shows  the  same  black  cross  (Fig.  98),  but  the  tints 
in  the  corners  of  the  square  run 
up  into  the  second  order.  Here 
again  is  a  short  cylinder  of  glass 
which  was  suddenly  chilled  all 
round  its  outside.  The  peripheral 
surface  has  contracted  upon  the 
inner  part  and  compressed  it  with 
an  enormous  force.  As  a  result 
you  see  not  only  the  black  cross 
indicative  of  a  radial  disposition  of  the  axes  of  elasticity, 
but  a  number  of  concentric  rings  coloured  with  the  now 
familiar  succession  of  Newton’s  tints  right  up  to  the 
fourth  order. 

And  now  I  am  going  to'  squeeze  a  piece  of  glass 
mechanically,  by  gripping  it  in  a  strong  br^^jame  and 
then  forcing  a  point  against  its  side  by  tqmmg  a  strong 
screw.  In  the  dark  field  the  glass  it^^  shows  neither 
light  nor  colour,  until  I  put  on  the^^bw.  But  so  soon 
as  compression  is  applied  a  l**tf©ous  pattern  at  once 
seems  to  grow,  stretching  off  iN-two  patches  at  about  450 
on  each  side  of  the  point  Y^yVe  the  screw  point  has  been 
forced  against  the  glasgf  Tightening  the  screw  makes 
the  internal  strain  o*£^r,  and  the  pattern  more  brilliant. 
Loosening  the  scrap releases  the  strain,  and  the  glass 
resumes  its  crfftiffcny  colourless  state.  So,  you  see,  you 
can  use  polarised  light  not  only  to  detect  false  gems  from 
real,  nc^Srfly  to  tell  glass  from  crystal,  but  also  to 
asc^tfh*  whether  any  piece  of  glass  is  likely  to  break  or 
Any  piece  of  glass  that  has  been  too  suddenly 
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cooled,  that  is,  has  not  been  properly  annealed  by  slow 
cooling  down  from  the  furnace  heat,  can  always  be 
detected  by  the  colours  it  shows  when  placed  in  the 
polariscope  between  polariser  and  analyser. 

For  such  purposes  a  very  simple  polariscope,  such  as 
any  ingenious  boy  might  construct  for  himself,  is  quite 
sufficient.  Here  (Fig.  99)  is  such  a  polariscope,  made 
entirely  of  glass.  The  polariser  is  simply  a  flat  piece  of 
window-glass,  9  inches  long  by  5  inches  wide,  blackened 


Fig.  99. 
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with  black  varnish  on  its  under  s^/^d  laid  down  on  a 
simple  frame  of  wood.  Two  d2)er  pieces  of  glass  are 
cut  of  the  size  8J  by  5  incta4£>  One  of  these  is  of  clear 
window-glass,  the  oth^r^SF^round  glass.  Across  the 
lower  part  of  the  clear^iece,  and  at  if  inch  from  its 
edge,  is  cemente^jj  strip  of  glass  5  inches  long  by 
1  inch  broad,  Jqq^erve  as  a  ledge  on  which  to  support 
the  objects  being  looked  at.  These  two  pieces  of 
glass  ar^dto^d  at  the  top  by  a  hinge  of  paper  or  cloth 
cement0qMo  them ;  and  they  stand  up,  like  a. roof,  over 
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the  piece  of  blackened  glass,  being  kept  in  their  places 
on  the  baseboard  by  two  strips  of  wood  which  are 
fastened  to  the  board  inches  from  one  another. 
The  baseboard  should  be  17  inches  long  by  5  inches 
wide.  Daylight  or  lamp-light  is  allowed  to  strike  upon 
the  ground  glass,  and  thence  passes  down  to  the 
blackened  glass,  is  reflected  at  an  incidence  of  about 
570  to  its  surface,  and  so  passes  as  a  polarised  beam 
through  the  piece  of  clear  glass  on  its  way  to  the  eye. 
As  analyser,  seeing  that  Nicol  prisms  are  expensive,  a 
cheap  substitute  must  be  found.  One  that  is  quite  good 
enough  for  many  purposes,  may  be  made  by  taking  a 
bundle  made  of  eight  or  ten  very  thin  slips  of  glass,1 
each  about  ij  inch  long  and  •§  inch  wide,  and  fixing 
them  with  sealing  wax  obliquely  across  a  small  wooden 
tube  or  box  with  open  ends.  They  should  be  fixed  in 
the  wooden  tube  so  that  the  glass  slips  ara4™ined  at 
about  330  to  the  direction  in  which  the  l^it  is  to  pass 
through  the  tube. 

With  quite  simple  apparatus  you^^^  verify  and  repeat 
many  of  the  experiments  thnJrSWe  now  been  shown 
before  you.  There  are  ma^Vmers,  equally  beautiful, 
that  I  have  not  shown ;  for(Jrj  a  single  lecture  one  can 
only  deal  very  incomplo^y  with  this  fascinating  and  com¬ 
plicated  subject  of  jYjJOT^ation.  I  have  not  shown  you 
how  quartz  crystal^ossess  a  special  property  of  rotating 
the  polarised  ^g^7  nor  have  I  told  you  how  solutions  of 
sugar  and*  sundry  other  liquids  are  found  also  to  produce 

dv 

1  glass  used  for  “covers”  for  microscopic  objects 

is  It  is  usually  supplied  only  in  round  cover-disks.  But 

a?ys^:)(l  optician  could  procure  rectangular  slips  of  the  size  named. 
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an  optical  rotation.  Indeed,  the  regular  way  adopted 
in  sugar  factories  to  measure  the  amount  of  sugar  in  a 
watery  syrup  is  to  put  some  of  it  into  a  polariscope  and 
measure  how  much  it  turns  the  direction  of  the  vibra¬ 
tions.  Lastly,  I  have  said  nothing  about  the  remarkable 
discovery  with  which  Faraday  crowned  his  researches  in 
this  place,  namely,  that  the  polarised  waves  of  light  can  be 
rotated  by  a  magnet.  Let  me  hope  that  some  day  you 
may  learn  of  these  marvellous  discoveries,  to  which  the 
things  you  have  seen  to-day  constitute  a  first  step. 


APPENDIX  TO  LECTURE  III 


THE  ELASTIC-SOLID  THEORY  OF  LIGHT 

On  p.  34  it  is  remarked  that  light- waves  travel  slower  in 
denser  media;  and  on  p.  129  it  is  explained  how  in  a 
double-refracting  crystal  the  waves  are  split  into  two  sets 
which  travel  with  different  velocities.  It  is  expedient  to 
enter  further  into  the  question  of  the  velocity  of  propagation 
of  light-waves.  If  it  is  assumed  as  a  fundamental  point 
that  the  velocity  of  propagation  of  a  wave  is  equal  to  the 
square-root  of  the  elasticity  of  the  medium  divided  by  its 
density  (or,  as  expressed  in  symbols,  v—J  E/^S,  which 
is  Newton’s  law),  then  it  is  only  possible  to  aocmint  for  the 
co-existence  of  two  different  velocities  b^JJcrpposing  that 
displacements  in  different  directions  eithsreVoke  a  different 
elasticity  or  call  into  operation  a  dim^Cnt  density.  But, 
since  the  medium  of  which  the  warr^p^onstitute  light  is  the 
ether,  one  has  to  deal,  in  the#o»e/of  the  transmission  of 
light  through  crystals,  with  ether  as  it  exists  in  the 
crystal.  If  we  assume  thcW  the  ether  acts  as  an  in¬ 
compressible  homogen eo*w^lastic  solid,  then  the  ordinary 
theory  of  elasticity  si^fiSe^as  a  theory  of  the  ether.  For 
long  this  “  elastic-sd^^meory  ”  of  the  ether  has  held  sway, 
and  has  receive  4  Qjd  >orate  mathematical  treatment  at  the 
hands  of  Greei^^resnel,  MacCullagh,  Neumann,  Cauchy, 
and  others*  CR n  this  view  the  ether  particles  within  crystals 
are  arran<ye^cufferently  in  different  directions,  symmetrically 
with  to  three  rectangular  axes,  and  therefore  the 

prc^wyes  of  the  ether  as  a  medium  for  transmitting  waves 
wiJl  modified  by  the  presence  of  the  crystalline  matter. 
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But  here  a  difference  of  view  may  arise ;  for  it  may  be  held 
(with  Fresnel)  that  the  presence  of  the  crystalline  matter 
modifies  the  density  of  the  ether  without  altering  its 
elasticity  ;  or  it  may  be  supposed  (with  MacCullagh  and 
Neumann)  that  the  presence  of  the  crystalline  matter 
modifies  the  elasticity  in  different  directions  without 
affecting  its  density.  In  either  case  the  assumptions  lead 
to  equations  that  fit  the  fundamental  facts  of  double-refrac¬ 
tion  and  polarisation.  But  there  arises  this  difference  that 
whereas  the  theory  of  Fresnel  supposes  the  displacements 
to  occur  at  right  angles  to  the  so-called  “  plane  of  polarisa¬ 
tion,”  that  of  MacCullagh  treats  them  as  executed  in  that 
plane.  As  to  the  actual  direction  in  which  the  displace¬ 
ments  are  executed,  the  properties  of  tourmaline  suffice 
(apart  from  other  proofs)  to  determine  the  fact  that  in  the 
extraordinary  wave,  which  is  transmitted,  the  displacements 
are  executed  parallel  to  the  principal  axis  of  the  crystal, 
while  in  the  ordinary  wave,  which  is  absorbed,  the  displace¬ 
ments  are  at  right  angles  to  that  axis.  The  simple  proof 
being  (see  Philosophical  Magazine ,  August  i88i)\  that 
tourmaline  is  opaque  (at  least  in  thick  slices)  touCr^ight 
travelling  along  the  principal  axis  of  crystallisatjgt^f  hence 
it  absorbs  those  vibrations  which  are  tran&^Qhee  to  that 
axis.  (Compare  p.  1 19  above.) 

But  the  elastic-solid  theory  is  not/A^ only  possible 
theory  of  light.  Instead  of  supposingSS^  ether  to  be  itself 
modified  in  arrangement  or  propejtme' by  the  presence  of 
crystalline  matter  we  might  suppersKit  to  be  itself  isotropic, 
having  equal  elasticity  and  (kmslty  in  every  direction,  but 
that  in  its  motions  it  compd&rcates  some  of  its  energy  to 
the  particles  of  matter  thr^grf/which  the  wave  is  travelling. 
If  the  particles  of  grd^Nmatter  thus  load  the  ether  their 
vibration  will  during*  fehi  passage  of  the  wave  take  up  some 
of  the  energy  andXyrtard  the  rate  at  which  the  group  of 
waves  can  trtuSh  We  should  then  have  a  difference 
between  the  tfSfocity  of  propagation  of  the  individual  waves 
themsel^e^GSa  the  velocity  of  propagation  of  the  group  of 
waves  OJha  in  that  case  the  velocity  of  propagation  of  the 
groupt-^he  apparent  velocity  of  light — would  be  slower 
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than  the  velocity  of  the  waves  themselves,  and  would  be 
different  for  waves  of  different  frequency.  This  is  in  fact 
the  phenomenon  of  dispersion.  In  the  case  of  crystalline 
media  the  retardation  and  the  dispersion  would  be  different 
in  different  directions,  and  would  depend  upon  the  direction 
of  the  displacements  with  respect  to  the  axes  of  the  crystal. 
But  as  to  the  connection  between  the  molecules  of  matter 
and  the  ethereal  medium  involved  in  such  theories,  very 
little  is  known,  and  there  is  room  for  many  different 
hypotheses  as  to  the  nature  of  such  connection.  Helmholtz, 
Kelvin,  Lommel,  Sellmeier  and  others  have  made  various 
suggestions  of  which  an  admirable  account  is  to  be  found 
in  Glazebrook’s  “  Report  on  Optical  Theories,”  British 
Associatio7i  Report,  1885. 

The  electromagnetic  theory  of  light  which  Maxwell 
founded  upon  the  basis  of  the  experimental  work  of  Faraday 
has  now  definitely  superseded  all  the  purely  mechanical 
theories.  Some  account  of  this  theory  is  given  in  the 
Appendix  to  Lecture  V.  (p.  230). 

The  only  other  point  that  need  claim  attention  tare  is  the 
use  of  the  term  “plane  of  polarisation.”  Thi&^rai,  which 
is  variously  defined  by  different  writers,  is  u^JNro  denote  a 
plane  with  respect  to  which  the  polar  irftijperties  of  the 
wave  can  be  described.  It  must  nec®s3*nly  contain  the 
line  along  which  the  wave  is  bein^wopagated  (i.e.  the 
“ray”  lies  in  this  plane);  but,  s*?>SJas  the  orientation  of 
this  plane  around  the  ray  is  oorkfirned,  its  definition  with 
respect  to  the  polar  propertiesnXpurely  a  matter  of  conven¬ 
tion.  The  following  is  Hm'sSwePs  definition  (. Encyclopedia 
Metropolita?ia ,  article  ‘iajM^ht,”  p.  506) — “The  plane  of 
polarisation  of  a  polariwM^ay  is  the  plane  in  which  it  must 
have  undergone  reft^Jpn,  to  have  acquired  its  character  of 
polarisation  ;  oc~t©:  plane  passing  through  the  course  of 
the  ray  perpen&j^yflar  to  which  it  cannot  be  reflected  at  the 
polarising  ♦atfjjjje  from  a  transparent  medium  ;  or,  again, 
that  planqH^which,  if  the  axis  of  a  tourmaline  plate  exposed 
perpenc<tf£vTarly  to  the  ray  be  situated,  no  portion  of  the  ray 
wilH^yransmitted.”  If  we  refer  to  the  Nicol  prism  (Fig. 
84  1V123)  we  shall  see  that,  according  to  the  convention 
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thus  laid  down  by  definition,  the  plane  of  polarisation  of  the 
light  that  emerges  is  parallel  to  the  longer  diagonal  of  the 
end-face  ;  and  the  vibrations  are  executed  at  right  angles  to 
this.  To  avoid  periphrasis  in  these  Lectures  the  author 
speaks  of  the  plane  in  which  the  vibrations  are  executed  as 
the  plane  in  which  the  wave  is  polarised  (see  descriptions 
of  Figs.  69-73,  pp.  1 1 3-1 1 7). 


LECTURE  IV 


THE  INVISIBLE  SPECTRUM  (ULTRA-VIOLET  PART) 


The  spectrum  stretches  invisibly  in  both  directions  beyond  the  visible 
part — Below  the  red  end  are  the  invisible  longer  waves  that 
will  warm  bodies  instead  of  illuminating  them — These  are 
called  the  calorific  or  infra-red  waves.  Beyond  the  violet  end 
of  the  visible  spectrum  are  the  invisible  shorter  waves  that 
produce  chemical  effects — These  are  called  actinic  or  tiltra-violet 
waves — How  to  sift  out  the  invisible  ultra-violet  liedit  from  the 
visible  light — How  to  make  the  invisible  ultofcAiolet  light 
visible — Use  of  fluorescent  screens — ReflexiojJ^fraction,  and 
polarisation  of  the  invisible  ultra-violet  lialJcfLuminescence  : 
the  temporary  kind  called  Fluorescenc^^and  the  persistent 
kind  called  Phosphorescence — How  teGJke  “  luminous  paint” 
— Experiments  with  phosphoresgei^pSdies — Other  properties 
of  invisible  ultra-violet  light — ftsnower  to  diselectrify  electri¬ 
fied  bodies — Photographic  afconof  visible  and  of  invisible  light 
— The  photography  of  col^u^v— Lippmann’s  discovery  of  true 
colour-photography — Tk^reproduction  of  the  colours  of  natural 
objects  by  trichroic  pljfhSfgraphy — Ives’s  photochromoscope. 

All  kinds  of  lii  rfjs^the  visible  spectrum  are  comprised 
between  the^exhreme  red  at  one  end  and  the  extreme 
violet  at^  the  other.  Their  wave-lengths  vary  between 
2^*mllionths  of  an  inch  (extreme  red)  and  15 
as  of  an  inch  (extreme  violet).  But  besides  the 
‘  of  various  colours,  between  those  limits,  which 
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are  visible,  there  are  other  waves  that  bring  no  sensa¬ 
tion  to  our  eyes,  which  are  invisible,  and  yet  are  light¬ 
waves.  In  brief,  the  spectrum  extends  in  both  directions 
invisibly,  both  below  the  extreme  red  and  beyond  the 
extreme  violet. 

Perhaps  you  raise  the  objection  that  if  such  waves 
are  invisible  they  cannot  be  waves  of  light.  Well,  if 
you  were  to  lay  down  as  a  definition  beforehand  that 
the  term  “  light  ”  must  be  applied  only  to  the  waves 
that  are  visible  to  the  human  eye,  there  is  nothing  more 
to  be  said.  But  what  if  there  are  other  eyes,  or  other 
processes  that  will  enable  these  waves  to  be  observed  ? 
Further,  if  it  is  found  that  these  invisible  waves  agree 
with  the  visible  waves  in  other  important  respects,  if,  in 
fact,  it  is  found  that  they  can  be  reflected,  refracted, 
polarised,  and  diffracted,  then  we  are  bound  to  regard 
them  as  light.  They  may  have  wave-lengths  thq^Aire 
larger  than  that  of  the  red  waves,  or  smaller  timh'  that 
of  the  violet  waves,  and  so  our  eyes,  with  tj^SjF  limited 
range  of  perception,  may  fail  to  be  seg^JVe  to  them. 
Nevertheless  if  in  their  physical  pro££©es  they  agree 
with  the  visible  kinds,  then  the /faVt/ that  to  us  they 
are  invisible  simply  demonstrat^ythe  imperfection  of 
our  eyes.  Had  we  lived  all  o^lives  behind  screens  of 
red  glass  we  should  never  known  anything  of  green 
or  blue  waves :  we  shoC^Sfnave  been  blind  to  waves  of 
these  particular  kitfQ^p^But  though  we  should  never 
have  seen  them  lli^r  would  not  prove  that  they  were 
not  waves  of  lis&W 

Now  thjRQsmt  of  the  invisible  spectrum  which  con¬ 
sists  of  of  too  large  a  size — of  too  great  a  wave- 
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length — to  affect  our  eyes  possesses  another  property, 
namely,  that  of  warming  the  things  upon  which  it  falls. 
Some  of  the  visible  waves,  particularly  those  toward  the 
red  end  of  the  spectrum,  share  the  same  property,  but 
to  a  less  extent.  The  longer  invisible  waves  are  called 
variously  the  calorific  or  infra-red  waves.  We  shall  deal 
with  these  in  the  next  lecture.  At  the  other  end  of  the 
spectrum,  beyond  the  violet,  we  have  again  waves  which 
are  invisible  by  reason  of  being  of  too  small  a  size  to 
affect  our  sense  of  sight ;  and  these  possess  several 
remarkable  properties.  They  are  active  in  producing 
certain  chemical  effects,  notably  those  known  as  photo¬ 
chemical  or  photographic.  They  produce  certain 
physiological  effects  also  on  animal  and  vegetable 
tissues.  They  actively  provoke  in  certain  bodies  the 
property  of  shining  in  the  dark,  or  phosphorescence. 
Lastly,  they  have  certain  electrical  prqn/rap.  These 
short  waves  are  known  by  the  various  (0^fies  of  actinic , 
photographic ,  or  ultra-violet  waves.  e  last  of  these 
terms  is  much  to  be  preferred.  >^^ie  of  these  chemical 
effects  are  also  produced  by^Qble  light,  especially  by 
the  blue  and  violet  waves^  N&g.  ioo  is  a  diagram  which 
gives  a  general  idea  'of#  distribution  of  these  effects 
for  waves  of  differenl^ngths.  The  greatest  luminosity 
to  the  eye  is  poss^S^i  by  waves  having  a  wave-length 
of  about  22  S^iftionths  of  an  inch  or  0*00055  °f  a 
millimetre/"*  Jt&e  greatest  heating  effect  occurs  with 
waves  oL  atTout  40  millionths  of  an  inch,  or  o*ooi  of 
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N^Jbd  as  an  Appendix  to  this  Lecture. 


ijtfj^the  lowest  infra-red  up  to  the  highest  ultra-violet  has  been 
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a  millimetre.  The  greatest  chemical 1  effect  occurs 
with  waves  of  about  16 \  millionths  of  an  inch,  or  about 
o  ’0004 1  of  a  millimetre. 

Now,  it  is  desirable  for  purposes  of  experiment  to 
separate  the  waves  which  can  produce  one  of  these 
effects  from  those  which  produce  another.  If  we  desire 
to  sift  out  the  ultra-violet  waves  from  all  other  kinds, 
there  are  several  courses  open  to  us.  Firstly,  we  may 


stances  that  have  the  pow  <*set  absorbing  waves  of  one 
sort  while  transmitting  of  another.  This  last 

process  we  found  exoellWht  when  applied  to  visible  light, 

1  This  is  on  the  dimption  that  the  effect  is  measured  by  a 
the  darkening  of  chloride  of  silver. 


example,  the  darkening  of  ferro- 


prussiate  salt^vblue-prints  ”)  were  taken  as  a  basis  of  measurement, 
the  max^h^J^Keffect  would  be  found  to  occur  at  some  other  point  in 
the  spec  tram. 
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for  by  using  a  red-coloured  glass  we  were  able  to  cut  off 
all  the  other  colours  and  leave  only  the  red.  Unfortu¬ 
nately  no  perfect  filter-screen  exists  that  will  cut  off  all 
the  visible  light  and  yet  transmit  the  ultra-violet  waves. 
Glass  tinted  a  deep  violet  colour  with  manganese,  or  with 
manganese  and  cobalt,  may  serve  to  cut  off  most  of  the 
visible  light  while  transmitting  a  fair  proportion  of  ultra¬ 
violet  waves,  mixed  with  some  violet  light.  For  many 
purposes  this  is  good  enough.  But,  unfortunately,  every 
kind  of  glass  cuts  off  the  extreme  part  of  the  ultra-violet 
light.  Even  the  lightest  crown  glass,  though  moderately 
transparent  to  waves  from  15  millionths  to  n  millionths 
of  an  inch  long  is  totally  opaque  to  all  weaves  smaller  than 
11  millionths;  while  dense  flint  glass  (containing  lead) 
is  opaque  to  everything  beyond  the  wave-length  of  13*3 
millionths  of  an  inch.  Hence,  for  experiments  on  ultra¬ 
violet  light  it  is  expedient  not  to  use  g<ja^jenses  or 
prisms,  provided  some  more  transparent  (g^fiium  can  be 
found.  Happily  both  quartz  and  flbQ^par  are  much 
more  transparent  to  ultra-violet  X^es  than  glass  is. 
Quartz  transmits  them  down^C^ibout  S'1  millionths 
of  an  inch,  and  fluor-spar  to  8  millionths.  My 

lantern  is  on  this  occasid©  provided  with  condensing 
lenses  of  quartz.  WJ  \Q)  we  want  a  spectrum  we  will 
use  a  quartz  pri^np™!  a  focusing-lens  also  cut  from 
quartz  crystal. 

Let  me  /ow ^proceed  to  demonstrate  some  of  the 
photographic  properties  of  light-waves.  Here  is  a  piece 
of  ordirfjyy  “  printing-out  ”  paper,  that  is  paper  which 
hasC®ch  covered  with  a  sensitive  film  impregnated  with 
ide  or  bromide  of  silver,  which,  when  exposed  for 
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a  sufficient  time  to  light,  turns  nearly  black.  Over  this 
sheet  of  sensitised  paper  I  place  some  stencil-plates  cut 
out  in  sheet-zinc ;  and  then  expose  it  to  the  white  light 
that  comes  from  an  electric  arc-lamp  on  the  table.  In 
half  a  minute  the  paper  will  have  darkened  sufficiently 
for  you  to  see  that  where  the  light-waves  have  fallen 
upon  the  exposed  parts  they  have  produced  the  chemical 
action,  and  have  printed  the  patterns  of  the  stencils. 
In  this  experiment  all  kinds  of  rays — calorific,  visible, 
and  actinic — have  been  allowed  to  fall  on  the  paper; 
but  which  of  them  were  the  agents  in  producing  the 
effect  ?  That  is  easily  tested.  We  turn  on  the  light  in 
the  optical  lantern,  using  the  quartz  lenses  and  prism  to 
produce  a  spectrum  for  us.  Then  along  the  whole 
length  of  the  visible  spectrum,  and  to  a  distance  into 
the  invisible  spectrum  at  both  ends,  we  stretch  x^Jat  a 
long  strip  of  sensitised  photographic  paper.  Itm^srbe 
left  there  for  several  minutes,  during  whid^fme  we 
may  investigate  another  point.  vC/ 

Here  is  another  sheet  of  sensitise<>2Sper.  Over  it 
I  lay  a  sheet  of  opaque  tin-foil,  throi&ywmich  there  have 
been  cut  a  number  of  holes.  these  holes  are 


laid  a  number  of  thin  slices^o^arious  materials:  (1) 
window  glass;  (2)  flint  glq^^)  red  glass ;  (4)  green 
glass  ;  (5)  blue  glass ;  (^Si&rtz ;  (7)  fluor-spar ;  (8)  rock- 
salt  ;  (9)  ebonite.  1  slide  the  whole  arrangement 
under  the  beams  aQ^e  arc-lamp,  which  is  set  to  throw 
its  whole  light  ^wnwards.  If  any  of  these  materials 
cuts  off  thejQ^ive  waves  we  shall  find  it  out  at  once, 
for  the  ^wfer  will  be  darkened  only  under  those  sub¬ 
stances  mht  are  transparent  to  the  photographic  rays. 
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Two  minutes’  exposure  suffices  for  our  simple  test.  On 
bringing  out  the  sheet  you  will  note  that  ebonite  (which 
is  black)  and  red  glass  have  alike  stopped  off  the  whole 
of  the  photographic  rays.  Green  glass  has  stopped  off 
the  greater  part  of  them,  and  the  flint  glass  has  evi¬ 
dently  not  transmitted  them  all.  But  under  the  blue 
glass,  the  quartz,  the  rock-salt,  the  fluor-spar,  and  the 
window  glass  the  paper  seems  to  have  darkened  about 
equally.  With  a  more  refined  test  we  should  discover 
differences  between  these  also.  One  fact  we  have 
proved,  which  is  of  practical  importance,  namely,  that 
red  light  does  not  affect  a  photographic  film  though  it 
affects  our  eyes.  Every  photographer  knows  this  ;  for 
he  takes  advantage  of  it  in  using  ruby  glass  or  red- 
coloured  tissue  to  cover  the  windows  of  his  “dark-room,” 
or  to  screen  the  lamp  by  whose  light  he  works  in  pre¬ 
paring  and  developing  his*  plates. 

Meantime  our  long  strip  of  sensitised  r@er  has  been 
exposed  to  the  spectrum,  and  now,  examining  it,  we  see 
that  it  has  sensibly  darkened  violet  end  and 

beyond  the  end  of  the  visible^A^t  to  some  distance 
into  the  region  where  our  4^e!^ee  nothing;  in  short, 
the  photographic  spectrum  ©s  mostly  beyond  the  violet, 
the  most  active  waves  J^tig  shorter  than  any  that  are 
visible.  But  we  forget  that  with  other  chemical 

preparations  the  jwa^e  of  sensitiveness  can  be  changed. 
To  Captain  ^bpfy  science  owes  the  introduction  of 
emulsions*  o£J)romide  of  silver  in  films  of  gelatine,  pre¬ 
pared  in(§yffi  a  way  as  to  be  sensitive  not  only  to  violet 
lighO^riltra-violet,  but  also  to  green,  to  yellow,  and 
evaNb  red  waves. 
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Another  chemical  effect  which  light-waves  can  pro¬ 
duce  is  to  cause  mixed  hydrogen  and  chlorine  gases  to 
enter  into  combination.  These  gases  (prepared  by 
electrolysis  of  hydrochloric  acid)  may  be  kept  mixed, 
but  not  chemically  combined  with  one  another,  in  glass 
bulbs  for  any  length  of  time,  provided  they  are  kept  in 
the  dark.  If  exposed  to  the  diffused  light  of  a  room 
they  slowly  combine.  But  if  exposed  to  direct  sunlight 
or  to  the  light  of  the  arc-lamp  they  combine  with  extra¬ 
ordinary  violence  and  explode  the  bulb.  Again,  the 
question  arises :  which  part  of  the  light  is  it  that  produces 
the  effect  ?  Certainly  not  the  red  waves,  for  these  bulbs 
of  mixed  gas  may  be  exposed  freely  if  protected  by  red 
glass  and  will  not  explode.  The  active  kind  of  waves  is 
in  this  case  also  the  ultra-violet  kind. 

A  thin  glass  bulb  containing  the  mixed  gases  ij^tjow 
taken  by  my  assistant 
from  a  tin  box,  where 
it  has  been  kept  in  the 
dark.  To  prevent  acci¬ 
dents  he  places  it  in  an 
empty  lantern  (Fig.  10 1), 
into  the  nozzle  of  which 
we  will  direct,  from  out¬ 
side,  the  beams  of  ajv 
electric  arc -lamp 
cut  off  the  bulk  c^pie 
ordinary  light*Cjinter- 
pose  first  a  sh©r  of  violet  glass,  which  allows  only  violet 
and  ulti^&Jet  to  pass.  Then,  interposing  a  quartz 
lens,  I  «*ffcentrate  the  beam  upon  the  bulb,  when — bang 
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— it  explodes,  demonstrating  the  activity  of  waves  of  this 
sort. 

Perhaps  it  may  have  struck  some  of  you  that  if  so 
great  a  photographic  activity  is  possessed  by  waves  that 
are  invisible  to  our  eyes,  it  ought  to  be  within  the  limits 
of  possibility  to  photograph  things  that  are  invisible. 
And  so  it  is.  It  is  now  some  twenty  years  since  a 
lecture  was  delivered  in  this  theatre  on  the  photography 
of  the  invisible  by  the  veteran  chemist,  Dr.  J.  Hall 
Gladstone,  who  succeeded  in  photographing  images  of 
things  quite  invisible  to  the  eye.  Behind  me,  against 
the  wall,  stands  a  drawing-board  covered  with  a  white 
sheet  of  cartridge  paper.  The  light  of  the  arc-lamp 
shines  on  it.  You  see  merely  a  white  surface.  The 
photographer,  Mr.  Norris,  has  brought  his  camera  here 
and  he  will  now  take  a  photograph  of  it.  ^When  he 
develops  the  photograph  you  will  find  th&tte  photo¬ 
graph  will  reveal  the  fact  that  an  insc*i|<£fon  has  been 
written  upon  the  sheet,  which,  thougKmvisible  to  you, 
can  be  photographed  by  the  came-isp^ 

Since  photographic  actio/  serves  to  detect  these 


Since  photographic  actior^  serves  to  detect  these 
ultra-violet  waves,  even  in  fee  absence  of  all  kinds  of 

the  further  exploration  of 
e  waves.  We  might  apply 
the  possibility  of  the  re¬ 


ultra-violet  waves,  even  in 


he  sheet  with  colourless  sulphate 
of  citric  acid.  This  substance 
lg  destroys  the  ultra-violet  light, 


he  sheet  with  colourless  sulphate 
of  citric  acid.  This  substance 


from  the  parts  of  the  paper  so 
ate  of  quinine  has  been  applied 


raph  darker  than  the  untouched 
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flexion  and  refraction  of  these  waves,  as  well  as  of  their 
interference  and  polarisation.  There  exists,  however, 
another  and  more  ready  method  of  investigation,  to 
which  we  will  now  proceed. 

Instead  of  photographing  the  invisible  we  may  make 
it  visible  to  the  eye  by  applying  the  discoveries  of 
Herschel,  Brewster,  and  Stokes.  There  are  a  number 
of  solid  substances,  such  as  fluor-spar,  uranium  glass,  and 
also  of  liquids,  such  as  petroleum,  solutions  of  quinine, 
and  of  many  of  the  dye-stuffs  derived  from  coal-tar,  which 
present  the  appearance  of  a  surface-colour  different 
from  that  of  the  interior.  Thus  quinine  is  colourless, 
but  shows  a  fine  blue  tint  on  the  surface  exposed  to  the 
light.  Uranium  glass  is  itself  yellow,  but  has  a  splendid 
green  surface-tint.  The  fact  is  that  these  substances 
have  the  property  of  absorbing  the  very  short  wa^s  of 
ultra-violet  light  and  transforming  them  into  J^es  of 
longer  length  that  are  visible  to  our  eyes^srTo  this 
phenomenon  Stokes  gave  the  name  of  fltfmbscence.  Let 
us  see  a  few  of  the  principal  cases. 

From  the  optical  lantern,  provV^T^for  the  present 
experiments  with  quartz  lenses^^Si>eam  of  light  streams 
forth.  Over  the  nozzle  of  ^^lamp  is  now  placed  a 
cap  of  dark  violet  glass  t0?at  off  all  the  visible  light 
except  a  little  violet  AfiSfl  [avoidably  accompanies  the 
invisible  ultra -viqJetQ^ives.  This  beam  is  directed 


iium  glass ;  which  transmutes  the 


invisible  wave^flo  a  brilliant  green.  And  you  see  the 


in  theB^w^a  bottle  of  paraffin  oil — it  seems  brilliantly 
/V  green  decoction  of  spinach  leaves  (boiled  first 
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in  water,  then  dried,  and  lastly  extracted  with  ether) 
exhibits  a  strange  blood-red  fluorescence  on  its  surface. 

Here  is  a  row  of  specimen  bottles  containing 
fluorescent  liquids.  Yellow  fluorescein  gives  a  splendid 
green  fluorescence ;  pale  pink  eosin  (made  by  diluting 
red  ink)  gives  an  orange  fluorescence.  A  crimson 
solution  of  magdala-red  gives  a  scarlet  fluorescence; 
and  colourless  quinine  gives  its  characteristic  surface- 
blue. 

These  things  may  be  even  more  strikingly  shown 
by  reflecting  the  ultra-violet  beam  down  into  a  tall  glass 

cylinder  filled  with 
fluorescent  liquid. 
A  quartz  lens  placed 
just  above  the  jar 
(Fig.  102)  Serves  to 
concentH^ewie  beam 
into  ;  fc^&arp  cone  of 
cal&in  I  take  a 
/-?&£ond  jar  filled 
V^mply  with  dilute 
ammonia-water,  and 
project  the  beam 
down  it.  Then  I 
sprinkle  into  the 
^  water  a  few  grains 

of  dry  fluore^ejjh.  As  they  dissolve  there  descend  to 
the  bottorcCjurling  wreaths  of  bright  green  hue  and 
indescrTffljjife  beauty.  A  few  chips  of  horse-chestnut 
barl^Mvof  ash  bark,  would  yield  similar  effects. 

.  ^Vtd  now,  perhaps,  you  will  appreciate  the  secret 
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of  the  photography  of  the  invisible.  The  inscription 
painted  on  the  white  sheet  was  painted  with  a  solution 
of  quinine.  You  shall  see  for  yourselves  the  invisible 
inscription ;  for  I  have  only  to  cast  upon  it  a  beam  of 
ultra-violet  light  to  cause  the  parts  painted  with  quinine 
to  shine  out  in  pale  blue  amid  the  darkness. 

Here  are  some  other  sheets  of  card  on  which 
fluorescent  patterns  have  been  painted.  On  one  of 
these,  side  by  side,  are  two  flenrs-de-lys ,  which  in  day¬ 
light  appear  to  be  equally  yellow.  One  is  painted  in 
common  gamboge,  the  other  in  fluorescein.  But  when 
I  turn  upon  them  the  beam  of  the  lamp  filtered  through 
dark  blue  glass,  the  whole  card  looks  deep  violet,  one 
of  the  lilies  seeming  black,  the  other  luminous  and 
greenish.  Another  card,  when  viewed  in  ordinary  white 
light  seems  to  be  merely  yellow  all  over :  but  as  part 
of  the  yellow  surface  is  painted  in  gamboge,  *jWlhe 
other  fluorescein,  the  effect,  when  examiri  u^^in  the 
ultra-violet  beam  is  to  give  a  black  patteja^n  a  bright 
ground. 

Twenty  years  ago  when  the  lat^ylpfessor  Tyndall 
was  delivering  in  the  United  Statl^  ins  famous  series  of 
lectures  on  light,  he  received  fQhn  President  Morton, 
of  the  Stevens  Institute  atfOIoboken,  some  samples' 
of  a  new  fluorescent  h\d|mOT3on,  “  thallene,”  prepared 
from  petroleum  resic^^  Some  large  sheet  diagrams 
of  flowers,  painte^^n  parts  with  thallene  and  other 
fluorescent  mat^ils,  were  amongst  the  objects  which 


Professor  Tyfij^tll  brought  back  to  London.  These 
have  beaqs^alefully  preserved  in  the  Royal  Institution, 
and  I  arable  to  show  you  them  in  all  their  beauty. 


have  beam&tfefully  preserved 
and  I  arable  to  show  you 
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One  of  them  represents  a  wild  mallow,  the  leaves  being 
coloured  with  some  substance  which  fluoresces  green, 
whilst  the  flowers  have  a  pale  purple  fluorescence. 
The  effect  of  throwing  on  this  object  light  that  has 
passed  through  a  dark  blue  or  dark  violet  glass  is  very 
striking. 

Of  all  substances,  however,  that  are  known  to  me, 
the  most  highly  fluorescent  is  a  rather  expensive 
crystalline  product  called  by  chemists  the  platino- 
cyanide  of  barium.  In  ordinary  light  it  looks  like  a 
pale  yellow  or  greenish  yellow  powder,  closely  resembling 
powdered  brimstone.  When  a  piece  of  paper  covered 
with  this  substance  is  held  in  the  ultra-violet  beam  it 
emits  a  yellowish-green  light  far  surpassing  in  brilliance 
that  emitted  by  uranium  glass  or  by  fluorescein.  Here 
is  a  small  fluorescent  screen  of  platino  -  cvanide  of 
barium  that  has  been  in  my  possession  sixteen 

years. 

Now,  having  so  excellent  a  mean^vft'  making  ultra¬ 
violet  waves  visible,  let  us  apply  the^MOrescent  screen,  as 
Stokes  did  in  1851,  to  explore^^iltra-violet  spectrum. 
My  assistant  puts  up  the  quartz  prism  in  front  of  the 
slit  to  give  us  once  more  t©  spectrum.  Taking  a  long 
sheet  of  cardboard  th&yhas  been  painted  over  with 
quinine,  I  hold  it^so  tMt  the  spectrum  falls  upon  the 
middle  of  the  pr^swed  surface.  And  now  you  see  that 
the  spectrumQttetches  visibly  away  beyond  the  violet 
end,  for  crossed  by  several  transverse  patches  of 
brighter(fj^ht,  the  ultra-violet  spectrum  comes  into  view 
as  ^\|%ale-blue  extension.  Substituting  a  sheet  of 
i^um  glass  we  note  a  similar  extension  visible  into 
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the  ultra-violet  to  a  distance  that  makes 
this  part  of  the  spectrum  seem  quite 
twice  as  long  as  the  whole  visible  part. 
Here,  best  of  all,  is  a  fluorescent 
screen  covered  with  platino-cyanide  of 
barium.  And  now  we  see  the  “long 
spectrum,”  stretching  away  to  three 
or  four  times  the  length  of  the  visible 
part  from  red  to  violet.  If  placed 
at  the  other  end,  below  the  red, 
these  fluorescent  screens  show  no¬ 
thing  whatever.  They  are  excited 
into  luminous  activity  not  by  the 
long  waves,  but  by  the  very  short 
ones. 

Let  us  then  avail  ourselves  of  the 
luminous  quality  of  the  fluorescent 
screen  to  examine  afresh  the  differ¬ 
ent  degrees  in  which  transparent 
substances  transmit  or  absorb  these* 
ultra-violet  waves.  The  ultra -vktf 
part  of  the  spectrum  now  fallsCupdn 
the  screen,  the  surface  of  is 

thereby  stimulated  into  sitting  its 
fine  greenish  light.  Acras^the  path 
of  the  invisible  beaiwyT  interpose  a 
piece  of  window  The  light  is 

dimmed  but,,  gut  extinguished.  A 
piece  of  flii^tyglass  cuts  it  off  alto¬ 
gether  ;  ^vOiece  of  blue  glass  dims 
it,  but^yfes  not  cut  it  off ;  while  a 
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piece  of  red  glass  proves  to  be  absolutely  opaque. 
A  slice  of  quartz  crystal  is  fully  transparent ;  one 
of  calc-spar  rather  less  so,  while  a  thin  film  of  yellow 
gelatine  is  quite  opaque.  These  experiments  con¬ 
firm  those  we  made  by  the  use  of  photographic 
paper. 

And  now  in  a  very  few  moments  we  can  demonstrate 
reflexion  and  refraction  of  the  ultra-violet  waves.  I 
place  my  fluorescent  screen  in  a  position  where  none  of 
the  waves  fall  upon  it.  Then  holding  a  mirror  in  the 
invisible  beam  I  reflect  ultra-violet  waves  upon  the 
screen,  which  at  once  shines  with  its  characteristic 
greenish  tint.  To  prove  refraction  I  interpose  in  the 
invisible  beam  a  quartz  prism,  which  deviates  ultra-violet 
waves  upon  the  fluorescent  screen,  and  again  it  shines. 
Polarisation  may  be  proved  by  using  two  Nicol  prisms 
precisely  as  was  done  in  my  last  lectur$<€>o  ordinary 
light. 

This  phenomenon  of  fluorescenc^Q^  only  one  of  a 
number  of  kindred  phenomena,  nK^-generally  classified 
together  under  the  name  of /T^tyqnescence.  This  name 
was  given  by  Professor  E.  A^ie&emann  to  all  those  cases 
in  which  a  body  is  cau^&>  to  give  out  light  without 
having  been  raised  to^M*  high  temperature  that  would 
correspond  to  the  atmoiiry  emission  of  light.  To  make 
ordinary  solids  i^phot  they  must  be  raised  to  between 
400°  and  50 the  centigrade  scale  of  temperature. 
To  make  white-hot — that  is  to  say,  to  cause  them 

to  omit(T^t  only  red,  orange,  and  yellow,  but  also  green, 
blu^vQh}  violet  light,  they  must  be  raised  to  8oo°  or 
of  temperature.  At  red-heat  a  body  emits  few  or 
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no  green,  blue,  or  violet  waves.  But  as  we  have  seen  in 
the  examples  of  fluorescence  some  substances  while  quite 
cold  can  be  stimulated  into  giving  out  light  by  letting 
invisible  ultra-violet  waves  fall  upon  them.  So  we  may 
well  inquire  what  other  cases  there  are  of  the  emission 
of  cold  light.  Accordingly,  on  the  table  before  you 
there  are  enumerated  the  various  cases  of  lumin¬ 
escence. 


Phenomenon. 


i.  Chemi-luminescence 


Photo-luminescence  : 

(rt)  transient =  Fluorescence 


( b )  persistent  —  Phosphores¬ 
cence  . 


5* 


Thermo-luminescence 
T  ribo-luminescence 


Electro-luminescence  : 

(a)  Effluvio-luminescenca^O* . 

>> o 


*2 

(t))  Kathodo-lumir^sc&ni 
6.  Crystallo-luminediJ( 


J2T 


7.  Lyo-lumines^pje 
X-lumim^Qlce 

#- 


8. 


Substance  in  which  it  occurs. 


Phosphorus  oxidising  in  moist 
air  ;  decaying  wood  ;  decay¬ 
ing  fish  ;  glow-worm  ;  fire¬ 
fly  ;  marine  organisms,  etc. 

Fluor-spar  ;  uranium  -  glass  ; 
quinine  ;  scheelite  ;  platino- 
cyanides  of  various  *jVises  ; 
eosin  and  many  co^lKii^Dro- 
ducts.  £*j 

Bologna-stone  ;  Jfrspi n’s  phos¬ 
phorus  andj^Ser  sulphides 
of  alkaljUT^^ earths  ;  some 
diamorai^etc. 

FluorvSpitaJ  scheelite. 

DiamV^ps  ;  sugar  ;  quartz  ; 
iKanyl  nitrate  ;  pentadecyl- 
^iratolylketone. 


$^1 


any 

of 


rarefied  gases ;  many 
the  fluorescent  and 
phosphorescent  bodies. 
Rubies  ;  glass  ;  diamonds  ; 

many  gems  and  minerals. 
Arsenious  acid. 

Sub  -  chlorides  of  alkali- 
metals. 

Platino-cyanides ;  scheelite,  etc. 
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The  Chemi-luminescence  which  heads  the  list  in¬ 
cludes  those  cases  in  which  the  emission  of  cold  light 
is  accompanied  by  chemical  changes.  The  best  known 
instance  is  the  shining  in  the  dark  of  phosphorus  when 
slowly  oxidising  in  moist  air.  Lucifer  matches,  if 
damped  and  then  gently  rubbed,  shine  in  the  dark. 
The  best  way  to  show  this  is  to  take  a  sheet  of  ground 
glass,  dip  it  into  warm  water,  and  then  write  upon  its 
roughened  surface  with  a  stick  of  phosphorus,  which, 
for  the  sake  of  safety,  is  held  in  a  wet  cloth.  See  how, 
on  lowering  the  lights  in  the  theatre,  the  inscription  I 
have  scribbled  upon  the  glass  shines  with  a  pale  blue 
glimmer.  In  a  few  minutes  the  film  of  phosphorus  will 
have  oxidised  itself  completely,  and  the  emission  of 
light  will  be  at  an  end.  Curiously  enough,  this  light 
itself  consists  not  only  of  the  blue  waves  that*  you  can 
see,  but  of  some  invisible  waves  also,  whictytfa^  photo¬ 
graphic  properties,  and  can,  like  Rontgg^  rays,  affect 
a  photographic  plate  that  is  enclosed  behind  an  opaque 
screen  of  black  paper.  It  is  n^Jcnown  that  the 
emission  of  light  by  glow-worpT^S^id  fire-flies,  and  by 
the  innumerable  species  of  toiame  creatures  and  deep- 
sea  fishes  that  shine  in  th^aark,  belongs  to  the  class 
of  chemi-luminescencej  does  the  emission  of  light 
by  the  microbes  thabjAi^developed  in  decaying  fish  and 
in  rotten  wood.  all  these  cases  there  is  chemical 
decompositio^apwork. 

Under  the  next  heading — Photo-luminescence — are 
includecHiStfse  cases  in  which  bodies  give  out  cold  light 
uncterQke  stimulation  of  light -waves.  Of  this  phe- 
nd^N^non  there  are  two  cases.  Fluorescence  is  one, 
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and  in  that  case  the  emission  of  light  is  temporary, 
lasting  only  while  the  stimulation  lasts.  The  other 
case  is  that  known  as  Phosphorescence,  a  term  applied 
to  those  instances  in  which  the  emission  of  light  persists 
after  the  stimulation  has  ceased.  The  earliest  known 
example  of  phosphorescence  is  that  of  the  celebrated 
Bologna  stone.  A  shoemaker  in  the  city  of  Bologna, 
Casciarolo  by  name,  about  the  year  1602  discovered 
a  way  of  preparing  a  species  of  stone  which,  after 
having  been  exposed  to  sunlight,  would  shine  in 
the  dark.  This  was  done1  by  the  partial  calcination 
of  “  heavy-spar  ” — the  sulphate  of  barium — found  near 
that  city.  Here  is  a  small  sample  on  the  table.  Since 
that  time  many  other  substances  have  been  found  to 
possess  the  same  property.  Some  diamonds,  as  Robert 
Boyle  observed,  have  this  property.  And  arq^igst 
artificial  substances  the  sulphide  of  calcium  jj^aten’s 
“  phosphorus  ”)  and  sulphide  of  strontium  p^sess  the 
property  to  a  very  high  degree.  Sulphiefievof  calcium 
can  be  prepared  by  pounding  up  £&»er-shells  and 
heating  them  to  redness,  mixed  w^j^rQittle  brimstone, 
in  a  closed  crucible.  The  addik^n  of  small  quantities 
of  other  materials — a  little  bisQith,  or  manganese,  or 
copper — has  a  remarkabi^fnfluence  in  aiding  the 
production  and  in  ch^jpng  the  colour  of  the  light 
emitted.  The  substance  sold  as  Balmain’s  luminous 
paint  is  a  prepa^ttijm  mainly  of  sulphide  of  calcium 
with  a  trace  «og^ismuth.  Of  all  these  artificial  phos- 

ir  little  volume  published  in  Rome  in  1680,  by 


Marc’  Cellio,  with  the  title  II  Fosforo ,  0’  vero  la  pietra 

Bolognesb^reparata  pe?mrilucere  frci  Pombra. 
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phori  the  most  powerful  by  far  is  a  new  luminescent 
paint  prepared  by  Mr.  Horne. 

Behind  me  an  electric  lamp  is  arranged  to  throw  a 
beam  of  light  down  a  tube.  At  the  bottom  of  this 
tube  I  expose  to  the  stimulation  of  its  beams  a  few  of 
these  phosphorescent  stuffs.  Here  is  the  bit  of  Bologna 
stone.  On  removing  it  from  the  beam  it  shines  in  the 
dark,  but  not  nearly  so  brightly  as  the  bit  of  Horne’s 
new  material,  the  light  of  which  is  equal  to  about  one- 
tenth  of  a  candle  for  each  square  inch  of  surface  exposed. 
One  can  see  to  read  print  by  the  light  of  a  bit  of  this 
stuff.  I  have  heard  of  people  using  a  glow-worm  in 
the  same  way  in  order  to  read  at  night.  Here  is  a 
diamond  ring 1  having  five  fine  diamonds.  On  exposing 
it  for  a  minute  to  the  light,  and  then  bringing  it  out 
into  the  darkness,  two  of  the  diamonds  mA  seen  to 
shine  like  little  glow-worms. 

Here  is  a  box  containing  a  row  oM^ss  tubes,  in 
each  of  which  is  a  white  powder.  >i!kese  powders  are 
phosphorescent.  But  first  ther>Swust  be  stimulated, 
for  at  present  they  emit  no  l^jSX  Let  us  expose  them 
for  thirty  seconds  to  the  J^ims  of  the  arc -lamp.  On 
then  bringing  them  into  fee  darkness  of  the  theatre  it 
will  be  seen  that  tlwfetaw  brightly  in  all  the  colours 
of  the  rainbow.  ^ 

Here,  again^vt  large  sheet  of  glass  which  has  been 
painted  ovd£^vith  luminous  paint.  I  lay  my  hand 
against  ♦hpjnd  expose  it  for  a  minute  to  the  beams  of 
the  hnp.  Extinguishing  the  light,  you  see  the 

vsheet  splendidly  luminous,  save  where  the  shadow 
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of  my  hand  appears  as  a  black  silhouette.  In  this  case 
the  luminescence  is  at  first  of  a  fine  blue  tint.  In  a 
few  minutes  as  it  fades  out  it  becomes  whiter ;  but  it 
will  go  on  all  night  giving  out  a  faint  light,  and  even 
then  will  not  have  yielded  up  its  whole  store  of  luminous 
energy.  Even  after  having  been  kept  six  weeks  in 
darkness  a  sheet  of  luminous  paint  will  still  emit  waves 
that  will  fog  a  photographic  plate.  If  one  takes  a 
sheet  of  luminous  paint  that  has  been  exposed  to  light, 
and  of  which  the  phosphorescence  has  already  died 
away,  one  finds  that  merely  warming  it  will  cause  it  to 
shine  more  brightly,  though  afterwards  it  is  darker. 
Here  is  such  a  sheet.  I  place  my  hand  against  the 
back,  and  you  note  that  where  my  hand  has  warmed  it 
it  shines  more  brightly.  If  one  makes  the  converse 
experiment  of  chilling  a  sheet  of  luminous  paio^Eile 
it  is  phosphorescing,  one  finds  its  light  dimm^Oy  but  it 
grows  brighter  while  being  warmed.  Prohor  Dewar 
has  made  the  curious  discovery,  that  cooled  to  a 

temperature  of  about  200°  belowa£$y  in  liquid  air, 
many  substances  become  phosyhQ^cInt  that  are  not 
so  at  ordinary  temperatures,  pfchus  he  has  shown  in 
this  theatre  how  such  thWsMs  feathers,  ivory,  and 
paper  become  highly  ph^morescent  on  being  cooled 
to  these  low  temp  era^w  and  then  illuminated.  They 
seem  when  chilled  (tjjr  acquire  the  power  of  absorb¬ 
ing  luminous  emj*|y  and  storing  it  for  subsequent 
emission  wh^^ptirmed.  The  analogies  between  these 
propertieSp£2fci  those  of  luminous  paint  are  most 
sugge^ftj^  A  sheet  of  luminous  paint  which  has 
been,  closed  and  cooled  becomes  a  veritable  lamp 
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of  Aladdin.  One  has  but  to  warm  it  by  the  hand  and 
it  shines. 

Here  we  touch  upon  the  third  sort  of  luminescence 
named  in  our  list  (p.  175),  namely  Thermo-luminescence. 
This  term  is  applied  to  the  property  possessed  by 
various  minerals,  particularly  by  the  green  sorts  of  fluor¬ 
spar,  to  shine  in  the  dark  on  being  heated.  Over  a 
large  atmospheric  gas-burner  a  square  of  sheet-iron  has 
been  heated  to  near  redness.  Upon  this  hot  surface, 
invisible  in  the  darkness,  I  scatter  out  of  a  pepper-box 
some  fine  fragments  of  crushed  fluor-spar.  As  they 
heat  up  they  shine  like  little  glow-worms.  They  shine 
brightly  for  a  few  minutes,  then  fade,  but  would  continue 
for  several  hours  to  emit  a  faint  glow.  After  having 
been  once  thus  heated  they  seem  to  have  lost  their 
store  of  luminous  energy,  for  on  a  second  hewing  they 
do  not  again  luminesce.1  AC 

The  term  Tribo-luminescence,  whi^Qsrands  next  on 
the  list,  relates  to  the  productioq^^uminescence  by 
friction.  There  is  a  very  simfllTpperiment  that  can 
be  tried  at  home  without  anv\mf>aiatus.  Crush  a  lump 
of  sugar  in  a  perfectly  da*Soom.  In  the  act  of  being 
crushed  it  emits  a  paleAmunescence.  So  do  crystals  of 
uranium  nitrate  if  sh$gn  up  in  a  bottle,  or  triturated  in 
a  mortar.  Let  ^fthow  it  to  you  on  a  larger  scale. 

1  Many  ot\Ci  >>merals  have  similar  powers.  In  some  cases  the 
power  of  thermoMuminescing  can  be  revivified  by  fresh  exposure  to 
light,  orjj£aimulation  by  an  electric  spark  or  by  kathode  rays. 
WiedpJpm  has  found  artificial  substances  that  are  thermo - 
luNhScent,  and  in  particular  a  preparation  of  sulphate  of  calcium 
intermingled  as  a  “solid  solution”  a  small  percentage  of 
^^ulphate  of  manganese. 
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Here  is  a  large  specimen  of  quartz  crystal  weighing 
nearly  a  hundred  pounds.  One  of  its  faces  is  almost 
flat.  Taking  a  smaller  crystal  of  quartz  in  my  hand  I 
rub  it  to  and  fro  upon  the  larger  crystal.  You  can  all 
see  the  brilliant  flashes  that  are  emitted  in  the  operation. 

Reserving  for  discussion  in  my  final  lecture  the  use 
of  electric  discharges  to  produce  luminescence,  we  will 
return  to  the  properties  of  the  ultra-violet  light.  One 
-effect  which  they  possess  above  all  other  kinds  of  light 
is  that  of  producing  diselectrification  of  electrified 
bodies,  a  phenomenon  discovered  by  the  late  Professor 
Hertz.  But  there  is  this  peculiar  limitation.  If  the 
electrified  surface  is  that  of  a  metal  surrounded  by  air, 
then  when  ultra-violet  light  falls  upon  it  it  will  produce 
diselectrification  if  the  surface  is  negatively  electrified, 
but  not  if  the  electrification  is  of  positive  sign.1 

The  fundamental  point  is  easily  showmXjJiere  is 
an  electroscope  made  with  two  leaves 
of  aluminium  mounted  on  either  side. 
of  a  central  blade  of  ah 
enclosed  (Fig.  104)  in 


jar.  To  the  top  of  the  s 


amalgam.  It  is  b^fe 
at  which  incidejac^S^he  i 


amalgam.  It  is  b^fe 

at  which  incidejicQ^he  results  are  fig.  104. 

most  favourabla<^I  hold  near  the 

ed  glass  rod,  and  touch  the  disk  while 


a  disk  of  sheet  zinc  wh 
freshly  cleaned  with  a 


0jfhe  results  are 
'I  hold  near  the 


Fig.  104. 


1  I  have^/however,  found  that  a  surface  of  peroxide  of  lead  sur- 
rounch^^fe^  an  atmosphere  of  hydrogen  is  diselectrified  if  the 
electtifichtion  is  positive. 
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it  is  under  the  influence  of  the  positive  charge  of  the 
glass.  The  electroscope  thus  acquires  by  influence  a 
negative  electrification,  and  the  aluminium  leaves  stand 
out  at  a  sharp  angle.  Now  throwing  a  beam  of  ultra¬ 
violet  light  upon  the  disk,  the  leaves  are  seen  to  collapse 
rapidly.  If  the  electroscope  is  positively  electrified,  the 
leaves  do  not  fall  down  when  the  beam  of  ultra-violet 
light  is  directed  upon  the  disk.  Even  the  longer  waves 
of  visible  light  are  active  on  a  clean  surface  of  sodium 
or  potassium.  The  different  kinds  of  light-waves  have 
different  photo-electric  powers  as  well  as  different  photo¬ 
chemical  powers. 

At  the  beginning  of  this  lecture  I  dwelt  upon  the 
photographic  actions  of  light-waves,  and  I  return  now 
to  this  topic  in  order  to  speak  of  the  problem  which 
has  of  late  aroused  such  keen  interest  amongst  scientific 
photographers,  namely,  the  photography  y^f*\olours. 
Many  have  been  the  attempts  to  produd0jrue  photo¬ 
graphs  of  things  in  their  natural  colouiSS^  All  hope  of 
this  was  vain  so  long  as  photogn£fe£ers  worked  with 
chemically  prepared  plates  thatfw^  more  sensitive  to 
the  invisible  light  than  to  tl^  visible  kinds.  Further, 
in  the  old  collodion  proceslg^  the  greater  sensitiveness 
of  the  chemicals  to  bj^^and  violet  waves,  and  their 
relative  insensitiverm^Md) orange  and  red  light,  caused 
all  photographs  ^Jbpresent  coloured  objects  untruly 
in  their  relati\^Juminosity.  It  was  an  old  complaint 
that  blues  ptoographed  like  white,  and  reds  came  out 
like  black^yThe  first  steps  towards  remedying  this  arose 
in  tlmi^coveries  of  Vogel  and  of  Abney  that  by  staining 
the  or  by  giving  to  it  in  its  preparation  as  an 
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emulsion  a  fine  granulation,  its  sensitiveness  toward  the 
longer  visible  waves  might  be  increased.  Thus  were 
introduced  the  orthochromatic  plates  which  gave  as 
photographs  a  more  accurate  representation  in  black 
and  white  of  the  relative  luminosities  of  objects;  the 
ideal  orthochromatic  plate  being  one  which  should  have 
the  same  relative  sensitiveness  toward  the  light  of  each 
part  of  the  visible  spectrum  as  our  eyes  have.  Even 
before  these  discoveries  the  theory  of  the  trichroic 
method  of  reproducing  colour  by  photography  had  been 
enunciated  by  Clerk  Maxwell.1  In  the  theory  of  colour- 
vision  originated  by  Thomas  Young,  all  colour-sensations 
are  referred  to  three  simple  or  primary  colour-sensations, 
and  it  can  be  shown  that  no  more  than  three2  are 
needed  to  account  for  the  various  phenomena  of  colour- 
vision.  These  three  primary  sensations  are  the  sej^ation 
of  red ,  the  sensation  of  green  (a  full  green  inM^irc*  to 
yellowish-green),  and  the  sensation  of  blue-n(N$r(&  violet 
inclining  toward  blue).  A  red  light  sti. 
of  these  sensations  in  the  nerves  of 
light  stimulates  two,  namely,  red  fona  green,  and  is  not 
therefore  itself  a  primary  sensa^fon.  Now  if  we  could 
take  three  photographs  of  anSroject,  each  photograph 
corresponding  only  to  tl^wght  of  each  primary  sort, 
and  if  we  could  therWtfSttfmate  each  photograph  with 
its  own  kind  of  lig^Qhd  superpose  them,  we  ought  to 
get  a  reproductiosij^f  the  natural  colours  of  the  object. 
That,  briefly, ♦^Jjie  three-colour  method. 

1  Disccn^fQ^^Royal  Institution,  17th  May  1861. 

2  Tk^^Jtier  should  consult  Captain  Abney’s  treatise  on  Colour- 
vision*  > 


'es  but  one 
:ye.  A  yellow 
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The  true  photography  of  colours  was  only  discovered 
a  year  or  two  ago  by  Professor  Lippmann,  whose 
exceedingly  precious  and  beautiful  results  are  individual 
pictures,  incapable  of  being  multiplied  or  reproduced. 
By  placing  at  the  back  of  the  transparent  sensitive  film 
a  mirror  of  mercury,  each  train  of  waves  is  reflected 
back  during  the  exposure;  and  where  the  reflected 
waves  meet  the  advancing  waves  of  the  train  they  set 
up  stationary  nodes  that  are  spaced  out  through  the 
thickness  of  the  film  at  distances  apart  corresponding 
to  the  exact  wave-lengths  of  the  various  lights.  At 
these  nodes  the  chemical  action  takes  place,  and  pro¬ 
duces  a  permanent  picture  which,  when  viewed  by 
reflected  light,  shows  all  the  natural  colours  of  the  object 
that  has  been  photographed.  I  am,  by  the  kindness  of 
my  colleague,  Professor  Meldola,  able  to  sho\^here,  and 
to  project  on  the  screen,  a  Lippmann  phot&g&ph  of  the 
spectrum  in  which  all  the  colours  show/MMheir  natural 
tints.  More  recently  Professor  Lippp&nn  has  shown  in 
this  theatre  the  remarkable  colou^3'btures  which  he  has 
produced  of  landscapes,  still-^)s4bjects,  and  even  of 
the  human  figure.1 

Returning  to  11  -colour  method  of  registering 
and  reproducing  graphy  the  natural  colours  of 


1  Since  the  delbw^of  these  lectures  two  new  processes  of 


colour-photogra/lTyN*ave  been  announced.  In  one  of  these  by 
M.  Chassagnes  c&**fain  chemicals  are  said  to  be  used  to  treat  the 
photograplfi^Qj)ms,  by  virtue  of  which  they  become  capable  of 


lents  at  those  parts  of  the  picture  which  have  been 


impi^^LNby  light  of  the  corresponding  tint.  Another  process 


tenetto  produces  coloured  transparencies  by  direct  photo- 
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objects,  I  am  happy  in  conclusion  to  be  able  by  the 
kindness  of  Mr.  Ives  to  show  you  the  remarkable  results 
which  he  has  attained  with  his  photochromoscope. 
Starting  from  Young’s  theory  of  the  three  primary 
sensations,  Mr.  Ives  sought  to  construct  colour  filters 
which  should  transmit  for  each  of  the  three  primaries 
all  those  waves  of  the  spectrum  which  excite  that 
sensation,  and  in  proportion  to  their  power  of  exciting 
that  sensation  in  the  eye.  Thus  the  filter  for  red  should 
transmit  not  simply  red  light,  but  should  transmit  all 
those  waves  of  whatever  colour  that  are  competent  to 
excite  the  red  sensation,  but  transmit  them  only  in 
proportion  as  they  are  competent  to  excite  the  red 
sensation.  To  select  the  proper  tints  as  colour  filters 
is  a  matter  of  no  small  skill  and  experience.  Through 
three  such  screens — one  for  red,  one  for  green,  one  for 
blue-violet — three  photographs  (negatives)  aij^Q^ken 
simultaneously  side  by  side  upon  a  single  ®tliochro- 
matic  plate.  From  these  three  negatives^hich  are  of 
course  colourless  themselves)  three  posj$ra?s  are  printed. 
These  also  are  colourless,  but  tl/eV^iow  differences 
according  to  the  colours  of  th4^m?erent  parts  of  the 
object  photographed.  Fig.  a  triple  chromogram 

of  a  butterfly.  Its  wings  b^dfc,  having  definite  patches 
of  red  and  white  on  a  <b®ms9background,  have  all  over 
them  a  beautiful  sh^rwvbf  brilliant  blue.  The  upper¬ 
most  image  of  thdQ^ree  is  that  which  is  to  be  placed  in 
the  blue-violet^Gpht.  The  second  figure  is  that  for  the 
green  light,  the  lowest  is  for  the  red  light.  Those 
parts  wfri^are  to  show  as  white,  when  combined,  are 
white  im^m  three  images.  Each  image  is  itself,  like  the 


LIGHT 


LECT. 


1 86 


printed  cut,  colourless;  a  mere  black  and  white  tran¬ 
script  on  glass. 

Now  let  these  three  colourless  pictures  be  placed  in  an 
instrument  so  arranged  that  blue-violet  light  falls  through 


i.  T^^Silluminated  by  Blue-Violet  Light. 

To  be  illuminated  Careen  Light.  3.  To  be  illuminated  by  Red  Light. 


the  firsk(^jeen  through  the  second,  and  red  through 
the  thi@of  these  separate  photographs,  and  let  them 
recombined  by  suitable  mirrors  so  that  the  eye 
view  them  simultaneously,  the  primary  colours 
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will  recombine  and  give  the  object  in  all  the  glory  of 
the  natural  tints. 

The  instrument  (Photochromoscope  or  Kromskop) 
which  Mr.  Ives  has  designed  for  recombining  these  triple 
photographs  stands  upon 
the  table.  Fig.  106  gives 
a  diagram 1  of  its  construc¬ 
tion.  Mr.  Ives  has  also 
brought  a  lantern  photo¬ 
chromoscope,  by  means  of 
which  he  will  now  project 
on  the  screen  a  few  of  those 
beautiful  photographs. 

The  lantern  itself  has  three 
no-zzles,  through  which  the 
red,  the  green,  and  the  blue-violet  pictures  are  separately 
projected  on  the  screen,  and  by  their  overlappinsf^ve 
the  colour-combinations.  He  first  shows  us  fately 
the  three-coloured  disks  or  circles  of  light^Gpa,  green, 
and  blue-violet.  Then  he  moves  the  ifcg^es  so  that 

1  A,  B,  and  C  are  red,  blue-violet,  anc/'ra^L  glasses  against 
which  the  three  corresponding  transparent  pnwrograms  are  respect¬ 
ively  placed.  Two  of  the  pictures  a^p^and  B  are  illuminated 
directly  by  light  from  above,  the  thirds  is  illuminated  by  an  oblique 
reflector.  The  red  picture  is  vievuadjCy  rays  which  are  reflected  at 
the  front  surface  of  D  an  obli/ffiM/ansparent  glass  sheet.  The 
blue-violet  picture  at  B  sendsNmCfight  down  upon  another  oblique 
transparent  sheet  at  P>^\(0bh  reflects  it  through  the  sheet  D 
to  the  eye.  The  greeiVcjcture  at  C  is  viewed  through  both  the 
transparent  reflect©r£^  and  E.  The  lens  F  collects  the  rays  for 
the  eye,  which  thtfS^iews  the  three  pictures  as  if  they  were  super¬ 
posed  and  at  distance  away.  The  instrument  is  made 

binocular,  eyes  see  as  it  were  a  single  image  in  its  natural 

colours,  an^Jh  solid  relief. 
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RED 


LVv'  BLUE 

GREEN  jpeacocKi  .VIOLET 


Fig.  107. 


the  three  disks  partially  overlap  as  in  Fig.  107.  Where 
red  and  green  mix  they  give  us  yellow;  where  green 

and  blue  -  violet  overlap 
they  give  us  a  peacock 
blue;  where  blue -violet 
and  red  overlap  they  give 
us  purple  ;  where  all  three 
overlap  at  the  centre  they 
give  us  white.  Note  how 
the  tint  produced  by  the 
overlap  of  two  gives  us  the 
complementary  to  the 
third.  Thus  the  yellow 
is  the  complementary  to 
the  blue-violet ;  the  peacock  is  complementary  to  the 
red ;  and  the  purple  is  of  a  tint  complem^ary  to  the 
green.  ^ 

Those  three  photographs  of  the/b^terfly  are  now 
introduced  into  the  chromoscop^lantern,  and  are 
brought  to  accurate  superpositjTyy  The  blue  shimmer 
on  the  insect’s  wings  is  shd^viy  with  marvellous  fidelity. 
No  painter  could  hope  i&\produce  by  pigments  such  a 
natural  picture.  Hereis  Vphotograph  of  a  basket  of  fruit. 
Note  the  yellow  lqrfKpn.  On  examining  the  separate 
colour-pictures^j^eos  that  this  yellow  is  made  up  of  the 
red  and  gre^n(^bts  mixed.  Here  is  a  gorgeous  bouquet 
of  flowers,  vj'he  colours  are  superb.  Here  is  a  cigar- 
box  sftq^JJhg  the  natural  brown  tint  of  the  wood ;  and 
1 — a  piece  of  cloisonne  enamel,  with  all  the  delicate 
s  of  dull  tints  in  their  due  relations.  And  lastly, 


^ere  is  a  box  of  sweetmeats,  so  naturally  photographed 


IV 


THE  INVISIBLE  SPECTRUM 


189 


that  one  feels  them  to  be  really  edible.  After  that  we 
need  no  further  proof  that  by  the  proper  selection  of 
the  primary  tints  the  dream  has  at  last  been  realised  of 
registering  and  reproducing  by  photography  the  colours 
of  natural  objects. 


APP. 
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TABLE  OF  WAVE-LENGTHS  AND  FREQUENCIES — Continued 


LECTURE  V 


THE  INVISIBLE  SPECTRUM  (iNFRA-RED  PART) 

How  to  sift  out  the  invisible  infra-red  light  from  the  visible  light— 
Experiments  on  the  absorption  and  transmission  of  invisible 
infra-red  light— It  is  cut  off  by  transparent  glass,  but  trans¬ 
mitted  by  opaque  ebonite— Use  of  radiometer— Use  of  thermo¬ 
pile  and  bolometer — “  Heat-indicating  ”  paint  Experiments 
on  the  reflexion,  refraction  and  polarisation  of  invisible  infra¬ 
red  light— Discovery  by  Hertz  of  propagation  of  electric  waves 
—Hertzian  waves  are  really  gigantic  w»A  of  invisible 
light — Experiments  on  the  properties  of  H^^anAvaves  ;  their 
reflexion,  refraction  and  polarisatiorL^Jftference  that  all 
light-waves,  visible  and  invisible,  araQ^ily  electric  waves  of 
different  sizes. 

To-day  we  deal  with  thodeS^ves  of  invisible  light 
which  lie  beyond  the  reS^em  of  the  spectrum.  They 
are  invisible  to  us  becaiQ  their  wave-lengths  are  longer 
than  any  to  whichA^  nerve-structures  of  our  eyes  are 
sensitive  \  or,  put *1 1  in  the  inverse  way,  because  their 
vibrations  ar»5vh  frequency  lower  than  any  within  our 
range  of  d^tijcal  perception. 

JustCHs  die  ultra  -  violet  waves  have  a  shorter 


wavd^gth  and  a  higher  frequency  than  the  visible 
o^e^s,  and  have  to  be  detected  by  their  chemical, 
Xhminescent,  and  diselectrifying  effects,  so  the  infra-red 
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waves  of  larger  wave-length  and  lower  frequency  have  to 
be  detected  and  investigated  by  other  physical  effects 
than  that  of  sight.  The  chief  physical  effect  produced 
by  these  long  infra-red  waves  is  that  of  warmi?ig  the 
things  upon  which  they  fall.  For  this  reason  they  are 
sometimes  called  the  calorific  waves ;  and  the  invisible 
light  of  this  kind  is  sometimes  1  called  “radiant  heat.” 

But  if,  as  I  shall  have  to  show  you,  this  so-called 
radiant  heat  possesses  (save  in  respect  of  visibility)  all 
the  physical  properties  of  light ;  if  we  can  reflect  it,  and 
refract  it,  disperse  it,  diffract  it,  and  polarise  it,  then  we 
are  logically  compelled  to  admit  that  it  is  really  a  kind 
of  light. 

In  brief,  the  spectrum  extends  both  ways  beyond  the 
visible  part ;  beyond  the  violet  are  the  chemical  waves, 
and  below  the  red  are  the  heat  waves. 

If  you  find,  as  every  one  finds,  that  the  light  frtftAthe 
sun  or  from  a  flame  warms  the  things  on  ^fcich  it 
shines,  it  is  natural  to  ask  which  of  all  the^^es  mixed 
up  together  in  the  beam  give  the  warn^lO  To  answer 
that  question  let  us  have  recoursa<Ql  the  test  of  a 


carefully  considered  experiment*  xufst  let  us  spread 
out  the  rays  into  a  spectrum,  qflfih  then  explore  which 
part  has  the  greatest  warmin^ffect. 

The  first  explorations  spectrum  were  made  by 

putting  into  the  diffi^sSSrr  parts  of  the  spectrum  the 
bulb  (blackened)  ^f>a  thermometer.  This  showed 

1  Another  term  usecfby  some  writers  is  “the  radiation.”  This 
use  of  the  term  is*>qp5e  deprecated  ;  for  the  word  radiation  ought 
not  to  be  usecUiqKiwo  senses.  If  it  is  rightly  used  to  mean  the  act 
of  radiatn  ‘ 
which  is 


.'Q 


Xhen  some  other  term  ought  to  be  used  to  denote  that 
'ted,  namely,  the  waves. 
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that  the  heating  effect  is  mainly  at  and  beyond  the  red 
end  of  the  spectrum. 

The  spectrum  which  is  once  again  thrown  on  the 
screen  (Fig.  108)  is  produced  as  on  previous  occasions 
by  employing  in  the  lantern  an  electric  arc-lamp,  in 
front  of  which  is  placed  a  slit,  a  lens  to  focus  an  image 
of  the  slit,  and  a  prism  to  disperse  the  mixed  waves 
into  their  proper  places  according  to  their  wave-length. 

Our  spectrum  to-day  is  neither  so  brilliant  nor  so 
extended  as  you  have  seen  it  on  former  occasions ;  the 
cause  for  this  circumstance  being  that  (for  reasons  you 
will  presently  appreciate)  we  are  obliged  to  abandon  the 
use  of  glass  lenses  and  glass  prisms,  and  substitute  lens 
and  prism  of  rock-salt.  This  material  is  less  refractive 
and  less  dispersive,  hence  the  narrowness  of  the  rainbow- 
coloured  band. 

And  now  we  have  to  make  good  by  experiment  the 
proposition  that  I  have  advanced  that  tlu^gafing  effect 
is  due  to  the  longest  waves — those  at^raP  red  end  and 
beyond  the  red  end  of  the  spectrm^ny* 

But  as  an  ordinary  therm  ormrty' would  not  be  con¬ 
venient  I  adopt  another  metl^xjusing  instead  a  sort  of 
electric  thermometer — th <&herinopile.  If  you  want  to 
know  all  about  this  ^strument,  you  must  refer  to 
treatises  on  electricitQ^All  I  need  say  now  about  it  is 
that  it  is  an  ap^VMus,  Fig.  109,  which  is  exceedingly 
sensitive  to  /he©,  and  which,  when  the  face  of  it  is 
warmed,  ggnbrates  an  electric  current.  The  electric 
current  i^V?u  into  a  galvanometer  which  reflects  a  spot 
of  li^NTpon  the  scale  against  the  wall.  So,  you  may 
that  that  spot  of  light  will  indicate  by  its  position 
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than  the  air  of  the  room.  If  it  is  warmer  the  spot 
will  move  to  the  right ;  if  colder,  to  the  left. 

The  spectrum  now  falls  upon  a  small  brass  screen 
with  a  slit  in  it,  behind  which  is  the  thermopile ;  and  at 
present  the  part  of  the  spectrum  that  enters  through  the 
slit  and  falls  on  the  face  of  the  pile  is  the  ultra-violet 
part.  The  spot  of  light  is  still  at  zero,  showing  that  the 
ultra-violet  light  does  not  appreciably  warm  the  face  of 


the  pile.  I  now  explore  spectrum  by  pushing  the 
thermopile  gently  alomg*  The  slit  now  lies  in  the  violet 
— yet  there  is  no  effect.  The  blue,  the  peacock, 

the  green,  and  JtJ^Vyellow  are  successively  explored — 
yet  the  spot  it  remains  at  the  zero.  These  waves 
do  not  p^Kluce  appreciable  heating.  Another  move 
forwardjQhd  the  orange  waves  enter  the  slit  and  fall  on 
th^£^  of  the  pile— the  spot  begins  to  move.  The 
ora^e  waves  warm  slightly.  I  push  on  into  the  red, 
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and  the  spot  moves  gently  across  about  a  quarter  of 
the  scale.  Red  waves  heat  more  than  orange  ones. 
Pushing  on  beyond  the  end  of  the  visible  red  (Fig.  108) 
the  effect  increases.  At  a  point  about  as  far  beyond 
the  end  of  the  red  as  the  red  is  beyond  the  green  of  the 
spectrum,  the  heating  effect  is  much  greater — the  spot 
flies  across  the  scale.  Clearly  the  waves  which  have  the 
greatest  calorific  power  are  those  some  little  way  in  the 
invisible  infra-red  region :  or  in  other  words  the  waves 
that  heat  most  are  waves  having  a  wave-length  somewhat 
greater  than  that  of  the  largest  waves  of  the  visible 
spectrum.  Taking  the  size  of  the  extreme  red  waves  at 
32  millionths  of  an  inch,  we  may  put  down  these  more 
powerful  invisible  waves  as  about  40  to  45  millionths 
of  an  inch  in  length. 

The  invisible  infra-red  spectrum  has  often  been 
explored,  and  by  many  explorers.  Langley, a 
different  electric  instrument  of  his  own  fiySntion, 
termed  a  bolometer ,  has  succeeded  in  obs^phig  waves 
whose  length  was  592  millionths  of  ar^^h,  or  which 
have  a  wave-length  twenty  timepn&^great  as  those 
of  red  light.  Professor  ~  '  ‘  idently 


measured  infra-red  waves 


centi¬ 


metre,  or  about  944  millio]  A  of  an  inch  in  length. 


Hence,  if  set  down 
infra-red  spectrum  st«5 
the  extent  of  the^visrok 


range  of  visit^hght  is  about 
violet  ha^G^  about  double 
treme  ton}  the  infra-red  wave 


the  extent  of  the^ijrole 
adopted  for 


:ale  of  wave-lengths,  the 
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more  than  five  octaves  below,  and  the  ultra-violet  waves 
ascend  to  about  two  octaves  above  the  visible  kinds  of 
waves  (see  the  Table  on  pp.  190,  191). 

Our  thermopile  has  been  placed  at  that  part  of  the 
spectrum,  a  little  beyond  the  end  of  the  visible  red, 
where  we  found  the  greatest  heating  effect.  To 
increase  the  effect  somewhat,  I  will  open  the  slit  a 
little,  thus  permitting  a  larger  amount  of  these  longer 
waves  to  fall  upon  the  face  of  the  instrument.  Having 
thus  adjusted  our  arrangements  so  as  to  be  sensitive  to 
the  heat-waves,  we  will  try  an  experiment  or  two  to  find 
whether  these  longer  waves  which  produce  the  heating 
effect  are  able  to  penetrate  through  the  various  materials 
which  we  have  tried  for  ordinary  light.  In  the  first 
place,  take  a  piece  of  window-glass,  and  try  whether  the 
heat-waves  will  pass  through  it.  On  interposing  it  in 
front  of  the  slit  we  notice,  by  the  indicati^ta  given  by 
the  galvanometer  and  thermopile,  that*$Jei^h  it  cuts 
off  much  of  the  heat  it  does  not  off  entirely. 

Substituting  a  piece  of  red  glass,  (ftp  find  that  it  also 
cuts  off  some  of  the  effect,  bu^QjMfiue  glass  cuts  it  off 
much  more.  Now  I  take  ayg^bre  of  flint  glass,  which 
contains  lead :  you  note  tl&t  it  cuts  off  the  waves  much 
more.  Here  is  a  slice^f  quartz  crystal ;  it  does  not  cut 
off  the  effect  as  muo0rs  the  glass  did.  Again,  here  is 
a  slice  of  calc-  9 the  same  thickness.  It  cuts  off 
the  heat-way^sQiore  completely  than  any  of  the  mate¬ 
rials  I  have^et  tried.  Lastly,  here  is  a  slice,  also  of 
the  samiS^Qckness,  of  rock-salt ;  that  is  to  say,  a  slice 
of  3,  W^erystal  of  common  salt  sawn  off  and  polished. 
T^feyrock-salt  hardly  cuts  off  the  heat-waves  at  all. 
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Here  then  are  four  substances — glass,  quartz,  calc-spar, 
and  rock-salt — all  transparent  alike  to  ordinary  light. 
Quartz,  as  we  saw  in  the  last  lecture,  is  exceedingly 
transparent  to  the  ultra-violet  kind  of  invisible  light ; 
that  is  to  say,  to  the  shortest  waves.  But  to-day  we 
prove  that  rock-salt  is  the  one  that  is  most  transparent 
to  the  infra-red  kind  of  invisible  light.  Naturally,  seeing 
that  this  fact  was  discovered  half  a  century  ago,  we  now 
apply  the  discovery  in  the  construction  of  our  apparatus. 
The  lenses  and  the  prism  I  am  using  to-day  for  these 
experiments  are  made  neither  of  glass  nor  of  quartz, 
but  of  rock-salt.  And  as  rock-salt  possesses  a  very 
poor  dispersive  power  for  the  visible  kinds  of  waves,  it 
produces,  as  you  have  seen,  but 
a  poor  spectrum  of  colours  as 
compared  with  the  spectrum  that 
would  be  produced  by  the  use 
of  a  prism  of  glass  or  quartz  of 
the  same  size. 

We  might  have  used  as  an 
exploring  apparatus,  instead  of 
our  thermopile,  another  instru-  ^  ^ 
ment,  the  radiometer  (Fig.  no  XD' 

Rather  more  than  twenty  v<0rs 
ago  the  celebrated  ^^ist 
Crookes  made  the  disciv&ry  that 
when  light  falls  <°T  'movable 
things,  such  a^^e  vanes  of  a 
lightly  -  poisec^^nll,  in  a  glass 
bulb  froiA^Ohich  the  air  has 
been  nm^wy  exhausted,  so  as  to  leave  a  fairly  perfect 


Fig.  i 


200 


LIGHT 


LECT. 


vacuum,  the  vanes  of  the  mill  are  driven  round. 
Apparently  the  blackened  vane  of  the  mill  tends  to 
retreat  from  the  light.  Why,  we  must  presently  con¬ 
sider.  My  present  point  is  that  it  is  possible  to  use 
this  apparent  repulsion  to  measure  the  intensity  of  the 
radiation  that  falls  upon  the  instrument.  Place  the 
radiometer  in  one  part  of  the  spectrum;  it  turns  round 
slowly.  Move  it  on  into  the  red  end  ;  it  spins  more 
quickly.  But  the  effect  is  found  to  depend  not  merely 
upon  the  kind  of  waves,  but  also  to  some  extent  upon 
the  nature  of  the  surface  of  the  vanes,  and  upon  the 
degree  of  vacuum  in  the  bulb.  Some  radiometers 
revolve  most  rapidly  in  the  bright  part  of  the  spectrum 
to  which  our  eyes  are  sensitive. 

Whether  we  explore  the  spectrum  with  a  thermo¬ 
meter,  as  Sir  William  Herschel  did,  or  with  a  thermo¬ 
pile,  or  a  bolometer,  or  a  radiometer,  w£^™I  that  it 
consists  of  waves  spread  out  in  different(w£ctions,  and 
that  the  different  waves  have  differentiating  powers. 
And  yet  all  these  different  wave^^th  their  different 
powers,  are  emitted  at  one  arurhoi^  same  time  from  the 
same  source.  If  the  thing  That  is  heated  is  insuffi¬ 
ciently  heated  it  will  ««©>  hine — that  we  all  know. 
But  even  if  not  hot  oji^gh  to  shine  visibly  it  will  still 
emit  some  invisil^^s^fes.  When  you  begin  to  warm 
a  substance,  at  it  gives  out  only  a  few  waves  of 
very  long  w^e^Sngth.  As  you  heat  it  more  it  gives 
out  more  these  heat-waves,  and  along  with  these 
heat-wa^  it  also  gives  out  some  visible  waves  of  shorter 
wa^^Q^th.  If  heated  still  hotter,  so  as  to  be  white- 
gives  out  not  only  heat-waves  of  all  sorts,  but 


V 


THE  INVISIBLE  SPECTRUM 


201 


visible  waves  from  red  to  violet,  and  also  with  ultra¬ 
violet  waves,  all  mixed  up  together. 

In  the  next  experiment  we  will  employ  a  dark  source 
of  waves.  In  short,  we  will  test  the  waves  that  are 
emitted  from  a  vessel  of  hot  water.  Here  is  a  beaker- 
glass  which  I  fill  with  boiling  water  from  the  kettle. 
You  would  not  see  that  in  the  dark,  would  you  ?  In  a 
perfectly  dark  room  it  would  not  give  out  any  of  those 
waves  to  which  your  eyes  are  sensitive.  But  if  you  were 
to  hold  your  hand  a  few  inches  away  from  it  you  would 
feel  a  gentle  warmth  radiating  from  it.  You  can  feel 
with  the  nerves  of  your  hand  that  which  the  nerves  of 
your  eyes  do  not  perceive,  namely,  the  long  waves  or 
calorific  radiations.  But  these  long  waves  warm  all 
things  on  which  they  fall.  They  do  not,  however,  warm 
them  all  equally.  The  fact  can  be  established  in  many 
ways.  Black  and  dark  substances  absorb  the  ,&\ves 
that  fall  upon  them.  Bright  and  shiny  bodi^ifenect 
most  of  the  waves.  What  becomes  of  tho-^Tves  that 
fall  on  black  and  dark  bodies  ?  Their  eng^gjns  not  lost ; 
it  is  transmuted  into  sensible  heaU  ;;^mfead  of  wave- 
motions  in  the  free  space,  we  have  i^ecular  vibrations 
in  the  substance.  The  bright  s/nrace,  such  as  polished 
metal,  upon  which  the  wave^nay  fall,  is  not  warmed 
by  them,  for  the  waves  aJQfoey  meet  the  surface  are 
not  broken  up,  but  sirfiujy^start  off  again  in  some  new 
direction.  WhenevEV  v)aves  break  on  a  surface,  and 
are  destroyed  or  absOTDed  in  the  action  of  breaking,  the 
result  is  heat.^^Pne  so-called  heat-waves,  or  infra-red 
waves,  ar^n^tvthemselves  hot.  They  do  not  heat  the 
medium'Nywugh  which  they  travel  as  waves.  But  they 
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are  readily  absorbed  by  the  things  they  fall  upon,  and, 
being  absorbed,  they  warm  that  on  which  they  fall.  A 
black  surface  is  one  which  absorbs  both  the  invisible 
and  the  visible  waves.  It  heats  more  readily  than  a 
white  or  a  bright  surface. 

Now  here  is  a  peculiar  thermometer  (Fig.  m), 
having  two  bulbs,  full  of  air,  joined  together  by  a  bent 
tube,  containing  a  little  coloured 
liquid  to  serve  as  an  index :  it 
stands  up  to  the  height  marked 
a.  If  I  put  my  hand  on  either 
bulb,  and  so  warm  the  air  in¬ 
side  it,  the  expansion  of  the  air 
will  depress  the  liquid  in  the 
tube  below  the  bulb  that  is 
warmed.  Were  both  warmed 
equally  the  liquids^would  not 
move.  So  thi^^paratus  will 
indicate  a  dtf^Nmce  of  tempera¬ 
ture,  and  is  therefore  called  a  d^fl^ehtial  thermometer. 
Next,  note  that  one  of  the  bult^C^Tias  been  painted  dull 
black,  the  other,  G,  has  baerk^lt  with  gold-leaf.  I  am 
going  to  put  the  beaker  ofavtt  water  exactly  in  the  middle 
between  the  two  bult^where  it  can  radiate  equally  to 
both  of  them.  Th©£ilt  bulb,  having  a  bright  surface, 
reflects  the  wa^s^and  is  scarcely  warmed  at  all  by 
them.  But/Tf&^black  bulb,  having  a  more  absorptive 
surface, ^ will  TJe  warmed  more  than  the  bright  gilt  one ; 
and  yoaN^ll  see  the  indicating  liquid  fall  in  the  tube 
bek^TvB  and  rise  in  the  tube  below  G.  Had  we 
<^H}ibyed  a  beaker  half  blackened  and  half  gilt,  we 
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could  have  readily  demonstrated  another  point,  namely, 
that  a  hot  black  surface  radiates  out  the  heat-waves 
more  readily  than  a  hot  bright  surface  does. 

Now  let  us  pass  on  to  another  experiment  in  which 
we  again  employ  the  thermopile.  Here  is  a  thermopile 
connected  by  wires  to  the  galvanometer,  with  its  re¬ 
flected  spot  of  light  on  the  wall.  It  is  arranged  so  that 
if  the  face  of  the  thermopile  is  warmed  the  spot  will 
move  to  the  right  and  indicate  to  you  the  circumstance. 
In  front  of  the  conical  mouth-piece  of  the  thermopile 


Fig.  i 


stands  an  ordinary  Bunsen  burner,  which^jryou  know, 
is  a  gas  jet  having  openings  at  the  foo£J0^t  atmospheric 
air  mix  with  the  gas.  It  gives  a^sm^iferess  blue  flame 
very  different  from  the  ordina^ybright  flame  of  gas. 
Though  very  hot,  this  flame  i^iates  out  but  little  light, 
neither  does  it,  as  a  matterxjQy.ct,  radiate  off  much  heat. 
True,  a  column  of  hotS^ascends  from  it  straight  up. 
But  that  is  not  wfafT  5*im  thinking  of.  The  question 
is,  Is  it  sending  cgaUmeat  sideways  ?  Well,  we  can  try. 
Opening  the  ^yfallic  shutter  that  closes  the  mouth¬ 
piece  of  tl^lmermopile  I  let  the  light  and  heat,  such  as 
they  are>55$iate  from  the  flame  upon  the  face  of  the 
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pile.  At  once  the  spot  of  light  on  the  wall  moves  off 
to  the  right,  showing  that  there  are  at  any  rate  some 
waves  present  that  can  heat  the  pile.  If  I  interpose  for 
a  moment  a  sheet  of  glass  between  the  burner  and  the 
thermopile  the  spot  of  light  comes  back  almost  to  its 
zero,  showing  that  glass  screens  off  nearly  all  the  waves. 
I  remove  the  screen,  and  the  spot  goes  back  to  the 
right,  showing  that  the  heating  effect  has  recommenced. 
Now  comes  the  particular  point  of  the  experiment.  If 
I  stop  up  the  holes  at  the  foot  of  the  burner  where  the 
air  has  been  entering,  the  flame  will  at  once  burn 
brightly  as  an  ordinary  gas  flame.  The  combustion 
will,  as  a  matter  of  fact,  be  less  perfect,  for  the  flame 
will  be  sooty,  and  the  total  amount  of  heat  produced  in 
a  given  time  will  be  less,  because  of  the  imperfection  of 
the  combustion.  But  also  because  of  the  imperfection 
of  the  combustion  there  are  innumerable -s4lid  particles 
formed  in  the  flame  which  get  brillia^S^  heated,  and 
emit  light.  They  are  better  radicate  of  waves  than 
the  gaseous  particles  of  the  pa^3jue  flame,  and  they 
radiate  long  waves  better.  JTQmake  the  flame  shine 
thus,  I  have  but  to  stop  upw  air-holes  with  my  finger 
and  thumb ;  and  instantj^fche  spot  of  light  on  the  wall 
rushes  to  the  right,  e^i  beyond  the  end  of  the  scale, 
proving  that  the  bdg^  flame  radiates  more  heat-waves 
to  the  pile.  I  fl^raway  my  fingers,  air  is  readmitted,  the 
flame  relapses  l^its  former  pale  state,  and  the  spot  of  light 
settles  back  to  its  former  position.  Every  time  I  let  the 
flame  brightly  it  radiates  more  waves  sideways. 

may  use  a  radiometer  instead  of  a  thermopile 
^^^monstrate  the  facts.  The  vanes  of  the  mill  turn 


.'Q 


A 


V 


THE  INVISIBLE  SPECTRUM 


205 


fast  when  the  flame  is  bright,  and  more  slowly  when, 
by  admitting  air  to  the  flame,  you  improve  the  com¬ 
bustion. 

The  next  experiment  I  have  to  show  you  is  with  the 
same  thermopile,  only,  instead  of  shining  upon  it  with  a 
flame,  I  will  put  a  lump  of  ice  in  front  of  it.  The  spot 
of  light  on  the  wall  now  retreats,  right  beyond  the  zero 
mark,  to  the  left,  indicating  that  the  face  of  the  thermo¬ 
pile  has  been  chilled.  Perhaps  you  will  say  that  this 
proves  that  the  ice  is  radiating  out  cold.  It  may  seem 
so.  But  that  which  is  really  occurring  is  this.  “  Cold  ” 
is  a  relative  term  meaning  really  “less  hot.”  All  things 
that  are  not  in  that  unattainable  state  of  absolute  zero 
of  temperature  are  more  or  less  hot ;  hot  things  more, 
cold  things  less.  And  everything  tends  to  radiate  its 
heat  away — the  hotter  it  is  the  greater  its  tendency. 
Ice  is  less  hot  than  the  other  things  in  this  room.^^he 
ice  is  colder  than  the  thermopile.  The  tl^teiopile 
itself  is  radiating  out  heat,  some  of  which  to  the 
ice.  The  ice  is  also,  though  to  a  lesser  (J^Bfee,  radiating 
out  heat.  Here  then  we  have  two  a  thermopile 

which  is  warm,  and  ice  which  is  colcterf  radiating  to  one 
another  unequally.  The  result  oQhis  unequal  exchange 
is  that  the  thermopile  parts  more  heat  than  the  ice 
parts  with,  and  therefore  ^N^oled.  But  the  effect  is 
the  same  as  if  the  coldJj^re  being  radiated. 

Now  let  us  go  experiment  that  I  believe  took 

its  origin  nearly  g^entury  ago  in  this  Royal  Institution. 
In  the  Royal  Jfl^titution  the  emission  of  heat  and  the 
properties^brcibat-waves  have  ever  been  favourite  topics 
of  stud;  ?he  founder  of  the  Royal  Institution,  Count 
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Rumford,  himself  .originated  many  experiments  on  the 
radiation  of  heat.  It  was  he  who  discovered  that  heat 
could  be  radiated  across  a  vacuum.  Sir  Humphry 
Davy,  while  Professor  here,  showed  a  most  beautiful 
experiment  in  which  heat-waves  were  reflected  from  one 
point  of  space  to  another  by  means  of  two  paraboloidal 
mirrors  of  silvered  metal.  That  experiment  I  propose 
to  repeat,  using  the  two  mirrors  which  are  believed  to 
be  the  actual  pair  used  by  Sir  Humphry,  and  often 
since  used  by  Professor  Tyndall. 

One  of  the  two  curved  mirrors  is  hung  mouth- 
downwards  at  a  height  of  some  fifteen  feet  above  the 
lecture-table.  The  other  stands 
mouth -upwards  on  the  table 
exactly  beneath  the  first.  The 
upper  mirror  is  lowered  for  a 
moment.  A  ra<M)pt  iron  ball 
is  slung  by  a(g^5k  in  the  focus 
of  the  mi<jCr^  and  it  is  hoisted 
up  agaHjC^to  its  position  above 
th£">i£^le.  The  ball  being  at 
^e-iocus,  the  mirror  collects 
C*e  diverging  waves  and  reflects 
them  straight  down  in  a  parallel 
beam.  It  is  a  beam  of  invisible 
infra-red  waves,  accompanied 
by  a  few  waves  of  visible  red. 
This  beam  falls  upon  the  second 
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mirr  acF  ri g.  1 13),  which  once  more  collects  them  and 
ges  them  to  a  focus,  F.  I  put  my  hand  at 
place  toward  which  the  waves  converge ;  it  is 


y|K 


er 


V 


THE  INVISIBLE  SPECTRUM 


207 


intolerably  hot.  I  hold  in  the  focus  a  bit  of  black 
paper,  at  once  it  smokes,  and  kindles  into  visible  com¬ 
bustion.  Other  things  can  be  lighted.  Here  is  a 
cigar.  Holding  it  in  the  focus  it  absorbs  enough  waves 
to  warm  it  up ;  and  the  ascending  wreath  of  smoke 
proves  that  it  has  been  kindled  by  the  reflected  and 
concentrated  waves. 

Our  experiment  has  proved  that  heat-waves  can  be 
reflected.  Our  earlier  experiments  with  the  rock-salt 
prism  proved  that  they  can  be  refracted.  Let  us  con¬ 
firm  these  points  by  other  experiments. 

The  red-hot  ball,  fast  fading  into  dulness  as  it  parts 
with  its  store  of  energy,  has  now  been  placed  upon  a 
stand  on  the  table.  Taking  up  the  thermopile,  which 
did  such  useful  service  just  now,  we  will  see  what  it  can 
tell  us  about  that  red-hot  ball.  The  distance  between 
the  two  is  some  seven  or  eight  feet.  I  have,  howler, 
only  to  turn  the  conical  mouth-piece  of  the  tli^^opile 
straight  toward  the  ball,  and  at  once  the  S£©Cof  light 
on  the  wall  indicates  that  the  thermopiLTyts  received 
some  of  the  radiation.  Waves  that  mm(ey£s  cannot  see, 
this  thermopile  can  see  if  only  w£  injjn  it  so  as  to  look 
straight  at  the  source  of  the  wjwS^  It  acts  as  a  kind 
of  eye  that  is  sensitive,  not  tqnwsible  light,  but  to  infra¬ 
red  waves  of  invisible  lighLj^Ktum  the  aperture  of  the 
pile  on  one  side  so  tti&$lone  of  the  heat-waves  can 
enter  it ;  the  spot  df  light  on  the  wall  settles  down  to 
its  zero.  Then^  tapfig  up  a  simple  piece  of  tin-plate 
to  serve  as  a  I  reflect  some  of  the  heat-waves 

from  the  inoOsall  back  into  the  mouth  of  the  thermo¬ 
pile.  A£^bn  as  the  mirror  is  set  at  the  proper  angle 


the  spot  moves  to  the  right,  showing  that  we  have 
reflected  some  of  the  heat-waves  into  the  pile. 

While  we  have  a  hot  ball — best  if  we  had  one  that 
was  brightly  red-hot — I  can  show  some  interesting  experi¬ 
ments  which  turn  upon  the  employment  of  certain  heat- 
indicating  paints.1  Here  is  a  specimen  of  heat-indicating 
paint  of  a  scarlet  colour  that  turns  black  when  heated. 
Here  is  another  of  pale  yellow  tint  which  turns  red  even 
when  quite  gently  warmed.  Here  is  a  paper  screen 
mounted  in  a  convenient  frame.  The  front  is  painted 
over  with  yellow  heat-indicating  paint :  the  back  has  been 
blackened  that  it  may  the  better  absorb  the  heat-waves. 

These  heat-indicating  paints  are  double  iodides  of  mercury  with 
other  metals.  They  were  discovered  nearly  thirty  years  ago  by  Dr. 
Meusel.  The  scarlet  paint  that  turns  almost  black  at  about  87°  C.  is 
the  double  iodide  of  mercury  and  copper.  The  yellow  paint  which 
turns  red  at  about  450  C.  is  the  double  iodide  of  m^rtury  and  silver. 
To  prepare  the  former,  a  solution  of  potassium  is  added  to  a 

solution  of  copper  sulphate  until  the  precipitat^^redissolved,  when 
a  concentrated  solution  of  mercuric  chlorid^QV  added  precipitating 
the  red  double-iodide.  To  prepare  the  rfHyte  sensitive  yellow  paint, 
add  to  a  solution  of  silver  nitrate  aSJtftion  of  potassium  iodide 
until  the  precipitate  (silver  iodiddfffcip^olves.  To  this  solution  add 
a  concentrated  solution  of  mercuia^  chloride  until  a  bright  yellow 
precipitate  is  formed.  The  nwfeipitates  are  collected  on  filter  paper, 
and  should  be  washed  witV'cold  water.  They  may  be  mixed 
with  very  dilute  gum-ia^f  to  enable  them  to  be  used  as  paint. 
With  these  paints  man^i^teresting  experiments  can  be  performed  in 
illustration  of  the^^agation  of  heat  by  conduction  and  convexion 
as  well  as  b^*a@tion.  One  very  simple  experiment  is  worthy  of 
mention,  ii^s^o  show  how  hot  water  will  float  on  cold  water.  A 
strip  of^uffi^r  painted  with  the  yellow  paint  is  pasted  vertically 
agains^&r  outside  of  a  tall  glass  beaker.  This  is  half  filled  with 
er.  A  floating  disk  of  wood  is  introduced  to  prevent  undue 
Son,  and  then  the  beaker  is  filled  up  by  pouring  in  boiling  water 
►"of  a  kettle.  The  top  half  only  of  the  strip  of  paper  turns  red. 
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Holding  it  a  little  way  from  the  hot  ball — an  ordinary 
coal  fire  answers  even  better — I  place  my  hand  between 
the  ball  and  the  screen,  against  the  back  of  it.  In  a 
few  seconds  the  screen  turns  red  all  over  except  where 
it  is  protected  by  my  hand,  of  which  a  shadow — a  sort 
of  heat-shadow — in  yellow  is  temporarily  photographed, 
or  rather  thermographed,  upon  the  screen.  As  the 
screen  cools  it  returns  to  its  former  yellow  tint. 

Here  is  another  screen  made  of  paper  painted  with 
scarlet  heat-indicating  paint.  The  back  has  been  gilt 
all  over,  and  then  on  the  gilt  surface  a  big  letter  S  has 
been  painted.  I  hold  this  with  its  gilt  back  to  the  hot 
ball ;  and  the  gilt  surface  reflects  away  most  of  the  heat¬ 
waves.  Now  you  might  suppose  that  the  part  where 
black  paint  has  been  put  on  over  the  top  of  the  gold 
would  be  doubly  protected  against  heat.  But,  no  !  It 
absorbs  the  waves  and  grows  warm ;  and  the  heat  J^Lng 
conducted  through  the  gold  film  causes  the  scanteNpaint 
on  the  front  of  the  screen  to  turn  black,  ^he  letter 
painted  on  the  back  is  visible  on  th($^£pht  of  the 
screen.  /SQ 

Here  is  a  variation  upon  one  efXieof^ssor  Tyndall’s 
observations.  You  will  find  it  ^brded  in  his  book1 
on  heat  how,  on  one  occasior^hen  a  fire  broke  out  in 
a  street,  the  heat  radiated^Ojoss  the  street  from  the 
burning  house,  charred window-frames  and  burned 
and  blistered  the  padfiWn  the  sign-boards.  But  where 
the  number  of^tta  rTouse  stood  in  gilt  letters  on  the 
sign-board  the^A^re  film  of  metal  had  reflected  away 
the  waves^^xecting  paint  and  wood  behind  it  from 
1  Heat  a  Mode  of  Motion,  p.  263. 
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being  charred.  In  illustration,  here  is  a  blackened 
sheet  of  paper  upon  which  a  triangle  of  gold-leaf 
has  been  pasted.  The  other  surface  of  the  paper  has 
been  coated  with  the  scarlet  heat  -  indicating  paint. 
Exposing  it  to  the  radiation  of  the  hot  ball  you  see  how 
the  triangular  space  protected  by  the  gold-leaf  remains 
cool,  while  the  rest  absorbs  heat,  turning  the  scarlet  to 
black. 

You  will  probably  admit  that  we  have  now  plenty  of 
proofs  that  these  invisible  heat-waves  are  really  a  kind 
of  invisible  light:  that  the  difference  is  one  of  degree 
rather  than  of  kind.  Consider  yet  again  the  process  of 
incandescence  in  which  such  waves  are  emitted.  Heat  a 
body,  beginning  by  gently  warming  it.  At  first  its  particles 
vibrate  but  moderately ;  the  waves  they  send  out  into  the 
surrounding  ether  are  few  and  of  relatively  great  wave¬ 
length.  As  you  warm  the  body  more  oqM  more  its 
particles  vibrate  more  actively,  they  josij^together ;  it 
gives  out  more  waves  and  waves  of  sM^ter  length  and 
higher  frequency.  There  are  stilUft&long  waves,  in  fact 
there  are  more  long  waves  thanh^rofe,  but  there  are  some 
shorter  waves  in  addition..  \j^at  it  still  'hotter.  The 
lower  kinds  of  waves  still  raotinue  to  be  emitted,  nay,  are 
emitted  more  copiously^but  some  waves  of  a  still  higher 
kind  now  accompanj5LX^em-  Here  is  a  thin  platinum 
wire  stretched  be^£?n  two  supports.  By  leading  into  it 
through  a  tbritic#  copper  wire  an  electric  current  I  can 
heat  it  as  htfhror  as  much  as  I  choose.  It  is  now  warm, 
giving  few  dull  waves.  Increasing  the  current  its 

teirm£fttTure  is  raised,  and  now  it  gives  out  much  more 
^and  with  the  heat  a  few  waves  of  the  visible  red 
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sort.  Every  solid  body  when  heated  shows  red  as  its 
first  colour  on  heating.  Never  is  the  first  glow1  of  a 
blue  or  yellow  hue.  Increasing  the  temperature  of  the 
wire  it  emits  orange  light  as  well  as  red,  and  looks  there¬ 
fore  bright  red.  The  next  increase  brings  in  yellow 
along  with  orange  and  red  :  then  green  comes  in  to  join 
the  yellow,  orange,  and  red.  So  soon  as  the  wire  is 
heated  so  hot  as  to  give  out  all  the  different  visible 
kinds,  so  soon  we  call  the  state  a  white  heat.  But 
no  solid  ever  gets  blue  hot,  because  in  all  cases  the 
emission  begins  at  the  bottom  of  the  spectrum  with  red, 
the  other  colours  chiming  in  until  white  is  attained. 
Nor  is  white2  attained  until  a  certain  proportion  of  the 
still  higher  ultra-violet  waves  are  being  also  emitted.  So 
then  it  appears  that  the  process  by  which  visible  light¬ 
waves  are  emitted  is  only  a  continuation  of  the  process 
by  which  the  invisible  infra-red  waves  are  emitted,.  yWiat 
further  proofs  do  you  require  as  to  the  essentiall^mdred 
nature  of  the  visible  and  invisible  waves  ?  I^Qve  shown 
you  that  these  infra-red  waves  behave  ttOisible  light- 

1  Captain  Abney  has  shown,  however.  tyatjbwing  to  the  want  of 
sensitiveness  of  the  eye  for  red  light,  and^ts  greater  sensitiveness  for 
green  light,  the  tint  of  minimum  visib&^im inosity  of  any  hot  body 
or  indeed  of  any  feebly  illuminated  ^tely  in  a  perfectly  dark  room  is 
greenish.  This  is  true  even  of  a  (JgjS:  seen  through  ruby  glass  if  the 

riuiess. 


ight  is  that  of  the  arc-lamp  ;  it  is 
at  about  3500°  C.  This  is  a 
in  that  of  the  sun’s  surface,  which 


jher  proportion  of  blue  and  violet 


(ft^aves.  In  fact,  when  seen  in  full  sunlight  the 
[5hnp  is  decidedly  dull  and  reddish.  No  accurate 
standard  of  whiteness  has  ever  been  given. 
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waves  do  in  a  number  of  respects.  You  have  seen  that 
we  can  refract  them  with  a  lens,  disperse  them  with  a 
prism,  reflect  them  with  a  mirror,  and  absorb  them  with 
a  black  surface.  Further,  they  travel  at  the  same  rate 
across  space  as  the  visible  waves  do.  This  we  know 
from  that  which  happens  at  the  time  of  a  total  solar 
eclipse.  At  the  moment  when  the  sun’s  light  ceases  to 
be  visible,  his  heat  ceases  also  to  reach  us.  When  the 
light  reappears  the  heat-waves  are  also  restored.  This 
one  fact  proves  these  heat-waves  to  be  simply  light  of 
an  invisible  kind.  But  if  you  are  not  satisfied  I  will  give 
you  yet  one  further  proof.  You  shall  see  that  they  can 
be  polarised. 

Here,  as  in  my  third  lecture  (Fig.  93,  p.  132),  stand  a 
pair  of  Nicol  prisms,  one  to  serve  as  polariser  and  the 
other  as  analyser.  The  lantern  sends  its  beams  through 
them.  Receiving  the  visible  light  on  a  pcm^Acreen  we 
note  that  when  the  analyser  is  set  wil^ks  principal 
plane  parallel  to  that  of  the  polariser  li^I^is  transmitted  : 
but  on  rotating  the  analyser  thm*^  a  right  angle  all 
light  is  cut  off.  That  is  a  optical  experiment. 

Now  let  me  take  my  thern$op&f — which  I  described  to 
you  as  a  sort  of  eye  whiclj^  sensitive  to  the  invisible 
heat-waves — and  put  the  place  where  the  paper 

screen  was.  At  pr«Q)  the  polariser  and  analyser  are 
crossed,  giving  tla^Ydark  field  ”  (p.  119).  No  light  falls 
on  the  thern^ptf^  nor  any  heat-waves,  for,  see,  the  spot 
of  light  frc^the  galvanometer  that  indicates  the  state  of 
the  the^bpile  is  at  its  zero  point.  Now  I  turn  back 
th^Cfyser  and  restore  the  bright  field.  At  once  the 
spS^of  light  on  the  scale  swings  over  to  the  right,  telling 
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us  that  the  polarised  heat,  as  well  as  the  polarised  light, 
is  coming  through  the  analyser.  Turn  the  analyser 
back  again,  the  visible  waves  are  cut  off,  and  so  are  the 
invisible  ones,  for  the  spot  of  light  has  returned.  Now 
let  me  clinch  the  proof  by  working  entirely  with  invisible 
waves  to  the  exclusion  of  visible  ones.  Here  is  a  sheet 
of  opaque  hard  black  indiarubber,  of  ebonite  in  fact.  No 
visible  light  will  come  through  it.  But  yet,  you  observe, 
when  I  have  thus  filtered  out  the  invisible  waves,  and 
stopped  off  the  visible  ones,  still  there  come  through  the 
polariser  some  waves  which  can  warm  the  thermopile, 
and  which  can  be  cut  off  by  turning  the  analyser  to  the 
position  at  right  angles. 

This  material  ebonite  is  a  most  interesting  one  from 
the  circumstance  that  it  can  thus  act  as  a  wave -filter 
transmitting  only  the  longer  waves.  Wave -filters,  (or 
ray -filters)  were  extensively  used  by  Professor  J^mjall 
in  his  lectures  on  radiant  heat :  but  I  do  not©>mk  he 
was  acquainted  with  the  properties  of  ebonh£^  Here  is 
one  of  the  Crookes  radiometers  (Fig.  Pi^p.  199).  I 
place  it  in  front  of  the  lantern  but  stff$p£it  at  first  by  a 
thick  sheet  of  metal  so  that  it  i^ilrmit  at  rest.  The 
diffused  light  in  the  room  suffice^^  make  it  turn  slowly. 
I  substitute  for  the  metal  she^C^i  sheet  of  ebonite  which 
is  equally  opaque  to  ordin^T&ght.  Yet  the  little  vanes 
now  run  merrily  roundQV 

Tyndall’s  filter  fd^ljeat-waves  consisted  of  a  cell  con¬ 
taining  a  dark  sqltfjfoon  of  iodine  in  bisulphide  of  carbon. 
Here  is  one  ofCJ^k  cells,  kept  cool  by  an  outer  jacket  in 
which  col^ft&ter  circulates.  Behind  the  wall  at  the  back 
of  the  :re  is  a  powerful  electric  arc-lamp,  the  beams 
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of  which  pass  into  the  theatre  through  an  aperture. 
This  beam  I  propose  to  concentrate  by  a  rock-salt 
lens,  bringing  it  to  a  focus,  after  it  has  passed  through 
the  cell  that  filters  out  the  invisible  waves  and  stops  the 
visible  ones.  First  we  make  the  experiment  without  the 
cell.  All  the  waves  visible  and  invisible  come  to  a  focus. 
Holding  at  the  focus  a  bit  of  black  paper  it  smoulders 
and  then  takes  fire.  Now  interpose  the  cell.  The 
visible  light  is  cut  off;  but  holding  the  bit  of  paper  in 
the  invisible  focus  it  again  begins  to  smoulder  and  finally 
breaks  into  visible  burning. 

And  now  I  have  to  pass  to  the  most  important  recent 
discoveries — discoveries  dating  only  from  1888 — of  some 
larger  waves  which  are  exactly  like  light-waves  in  the 
following  respects :  they  can  be  reflected,  refracted, 
absorbed,  polarised,  and  diffracted.  Yet  th^  differ  in 
the  most  striking  way  from  any  of  the^i^s  of  light 
that  we  have  hitherto  considered.  Th^  wave-lengths, 
instead  of  being  measured  by  a  fcjCSnillionths  of  an 
inch,  may  be  several  inches,  seven^gfrds,  or  even  several 
hundreds  of  yards  long.  I  rcfcnp^  the  electric  waves  pre¬ 
dicted  in  1864  by  the  late  S^ofessor  Clerk  Maxwell,  and 
discovered  experimentall)Qi  1888  by  the  late  Professor 
Hertz.  & 

Hertz  was  OGaraS#  with  researches  upon  electric 
sparks,  whicff  j0fcter  certain  circumstances,  were  known 
to  be  oscill\jx^y.  That  is  to  say,  each  spark  might, 
under  cq€ajn  conditions,  consist  of  a  series  of  sparks 
flying  TCcJk wards  and  forwards  along  the  same  path  with 
gr^NJegularity  and  excessive  rapidity.  If,  for  instance, 
tluxb  were  twenty  successive  oscillations,  each  lasting 


V 


THE  INVISIBLE  SPECTRUM 


215 


only  one  one  hundred-millionth  part  of  a  second,1  the 
whole  series  would  only  last  one  five-millionth  part  of  a 
second,  and  would,  of  course,  seem  to  the  eye  as  simply 
an  instantaneous  spark.  In  working  with  these  oscilla¬ 
tory  sparks  Hertz  was  led  to  investigate  the  disturbances 
which  they  set  up  in  the  surrounding  medium,  and 


coil  are  sent 
tz  an  oscillator . 


which  are  propagated  as  waves.  To  illustrate  hertz’s 
work  I  must  have  recourse  to  a  few  diagrams.  1 4 

illustrates  the  apparatus  which  is  set  up  table. 

To  produce  the  sparks  we  employ  an  ^Ruction-coil. 
The  electric  discharges  produced  In 
into  the  simple  apparatus  called 
As  you  see  it  consists  of  two  &™are  sheets  of  metal, 
affixed  upon  two  metal  rod^mTi  nearly  meet  and  are 

1  It  may  be  useful  to  note  tlJkAnce  the  velocity  of  propagation 
of  electric  waves  in  air  (or  is  identical  with  that  of  light 

(186,400  miles  per  second,  000, 000, 000  centimetres  per  second), 

the  wave-length  can  bdLleJluced  from  the  frequency  by  the  rule  that 
the  product  of  freq^uomw  and  wave-length  is  equal  to  that  velocity.  In 
the  above  examoi^^r  the  period  is  one  one  hundred-millionth  of  a 
second,  the  ^f^^ency  is  one  hundred  million  a  second ;  dividing 
30,ooo,ooa^i&^by  100,000,000  we  get  as  the  wave-length  300  centi¬ 
metres,  orN^out  ten  feet  as  the  wave-length. 
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provided  with  two  well-polished  metal  balls  as  terminals. 
There  is  a  small  gap  between  which  the  sparks  are  seen 
to  pass.  But  each  such  spark  is  really  a  series  of  oscil¬ 
lations  ;  the  electric  discharge  oscillating  backwards  and 
forwards,  not  simply  across  the  gap  where  you  see  the 
spark,  but  from  one  end  to  the  other  of  the  apparatus. 
Suppose  the  coil  to  make  one  of  these  metal  wings  (say 
A  in  Fig.  114)  positive,  while  the  other  wing  (B  in  Fig. 
1 14)  is  negative.  When  the  electric  state  has  risen 
sufficiently  high,  the  air  in  the  gap  is  pierced  by  a  spark. 


OSCILLATOR. 


RESONATOR. 


Fig.  115. 


\N 

The  charge  rushes  from  A  to  B,  and  in(g^doing  over¬ 
charges  B,  making  it  positive,  while  l^Rjfhg  A  negative. 
At  once  the  charge  surges  back  ar  *©]  ■rom  B  to  A,  and 
again  back  to  B,  each  oscillation  listing  only  about  the 
one  hundred-millionth  parttofS^second.  The  frequency 
of  the  oscillations  dependaQjn  the  size  of  the  apparatus. 
At  every  oscillation  anQpctric  wave  is  sent  off  from  the 
apparatus  into  the  soMLnding  space,  and  is  propagated 
with  the  velocityJtfvfight.  The  wave  is  propagated  with 
the  greatest  /ffahsity  in  the  directions  at  right  angles  to 
the  metqj  gods  along  which  the  electricity  is  oscillating, 
and  at  (TK^ht  angles  to  the  plane  of  the  metal  wings. 
FigsNjC^gives  a  front  view  of  the  oscillator,  and  also  of 
th^j]  f)paratus  called  the  resonator  used  by  Hertz  for 
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detecting  the  waves.  The  model  on  the  table  is  made 
of  the  same  size  as  one  of  Hertz’s  smaller  pieces  of 
apparatus,  the  two  metal  wings  being  each  40  centi¬ 
metres  square,  and  the  distance  between  them  60 
centimetres.  The  wave-length  of  the  waves  emitted  is 
rather  less  than  300  centimetres,  or  nearly  10  feet. 
The  resonator  or  detector  is  a  simple  wire,  bent  into  a 
ring  so  that  its  two  ends  nearly  meet.  Hertz  demon¬ 
strated  the  fact  that  waves  pass  from  the  oscillator  by 
holding  the  resonator  some  distance  away  from  it,  and 
observing  the  minute  electric  sparks  which  they  set  up 
in  the  small  gap  between  the  ends  of  the  wire.  But  it  is 
necessary  that  the  resonator  ring  should  be  of  the  proper 
size,  and  that  it  should  be  held  in  the  right  position. 
The  size  (in  this  example  70  centimetres  diameter)  should 
be  such  that  the  natural  period  of  oscillations  of  an  elec¬ 
tric  current  around  the  ring  should  agree  with  the^Njod 
of  the  waves  emitted  by  the  oscillator.  feition 

should  be  such  that  as  the  waves  from  t  scillator 
reach  the  resonator  they  set  up  secondq^j)  oscillations 
in  the  ring.  If  the  resonator  is  se>-tfQkrtically  edge¬ 
ways  to  the  oscillator,  no  spark&  arc  produced  :  the 
waves  simply  stream  past  the  *0pnator.  If,  however, 
the  resonator  is  held  horizqj^lly,  and  in  the  base-line 
shown  in  Fig.  114,  spark^j*^  be  detected  in  the  gap. 
Hertz  put  at  the  far^ewTof  the  room  where  he  was 
working  a  great  she^t^r  metal  to  reflect  back  the  waves, 
and  then  went  ^ilgpjit  to  different  positions  in  the  room 
exploring  the  (S^tce  to  find  at  what  points  sparks  were 
produced.v\W^  found  that  when  the  waves  are  thus  re¬ 
flected  ba^fc  *on  themselves  there  are  nodal  points,  just 
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as  there  are  nodal  points  in  sound-waves  and  in  light¬ 
waves  when  reflected  back.  These  nodal  points  were 
spaced  out  at  distances  apart  exactly  equal  to  half  the 
wave-length,  which  thus  could  be  precisely  measured. 

Before  Hertz’s  time  it  was  indeed  known  that  there 
were  oscillating  sparks.  Fig.  116  illustrates  some  experi¬ 
ments  which  I  myself  made1  in  the  year  1876  on  this 
subject.  I  had  an  induction  coil  connected  to  send  sparks 


.'Q 


A 


across  a  small  air-gap,  A,  to  aotfhjfrenser  made  of  a  dielec¬ 
tric,  D,  between  two  metd  J^a |ef,  P  and  Q.  I  found  that 
if  there  was  this  spark-giuXii  the  circuit  of  the  coil  I  could 
draw  secondary  sparky  aFB  from  the  outer  plate  of  the 
condenser ;  and  bv^ftans  of  a  small  vacuum-tube  and  a 
rotating  mirroi^f^ roved  that  these  sparks  were  oscilla¬ 
tory  in  chaj  »<©r.  When  these  arrangements  were  made 
I  was  ableSsrget  sparks  from  insulated  metal  objects  in 
the  roj^JP  These  sparks  could  be  traced  all  about  the 
rQQiflS-'I  ha( 

# 


had  but  to  hold  a  knife  or  pencil-case  to  the 


f 


1  Philosophical  Magazine,  September  1876. 
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door-knob  or  other  piece  of  metal  to  draw  sparks.  I 
even  did  this  :  I  took  two  door-keys  and  tied  them  on  to 
a  piece  of  wood,  so  as  almost  to  touch  one  another,  and 
with  this  detector  I  could  get  sparks  while  walking  about 
to  different  parts  of  the  room.  But  it  never  dawned 
upon  me  that  these  sparks  were  the  evidence  of  electric 
waves  crossing  the  space.  That  was  Hertz’s  discovery. 
He  did  not  go  idly  about  the  room  noticing  the  sparks, 
but  explored  the  positions  where  the  sparks  were  to  be 
detected,  and  holding  his  apparatus  in  the  right  position 
to  detect  them. 

A  word  more  about  the  electric  oscillations  them¬ 
selves.  Each  sudden  discharge  of  the  induction  coil — and 
to  make  them  sudden 
the  discharge  balls 
must  be  well  polished 
—  sets  up  a  set  of 
oscillations,  diagram- 
matically  represented 
in  Fig.  1 18  by  the 
upper  curve,  which  die 
away  as  time  goes  on. 

A  mechanical  analogy 
may  be  found  in  the 
vibrations  of  a  spring, 
denly  release  it.  It 


Fig.  ii8. 


it  on  one  side  and  sud- 
ackward  and  forward,  the 
motion  dying  out  (afljer  a  certain  number  of  swings. 
So  trains  of  wa^  are  set  up,  which  also  die  away  as 
they  travel  acr0^  space.  But  suppose  they  fall  upon  a 
proper  r^stf&tor  or  detector,  then  they  will  set  up,  by 
their  tirmjfr  impulses,  a  sympathetic  electrical  vibration 
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in  that  resonator,  the  oscillations  thus  set  up  beginning 
and  increasing  in  strength  as  wave  after  wave  arrives. 
This  is  represented  graphically  by  the  lower  curve  in 
Fig.  1 1 8.  This  corresponds,  in  fact,  to  the  way  in  which 
the  sound-waves  from  a  tuning  fork,  when  they  fall  upon 
another  tuning-fork,  will  set  it  into  sympathetic  vibration, 
provided  it  is  tuned  to  the  same  note. 

In  Fig.  1 19  are  represented  the  parabolic  mirrors,  each 
about  6  feet  high,  with  which  Hertz  demonstrated  the 


reflexion  of  electric  waves. 


focus  of  one  of  these 


mirrors  there  was  placed#  vfemcally  an  oscillator,  an 
arrangement  to  produce  ^S^rks  vibrating  up-and-down. 
The  waves  which  result  were,  of  course,  waves  of  ut> 
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by  different  experimenters  to  produce  electric  waves. 
Some  of  these  are  shown  in  Fig.  120.  The  first  is  one 
of  those  used  by  Hertz  himself.  Instead  of  flat  wings  of 
metal  he  used  in  this  case  cylindrical  metal  conductors. 
In  another  form,  described  as  a  dumb-bell  oscillator, 
there  were  two  large  metal  balls.  In  every  case  the 
spark-gap  was  arranged  between  two  small  highly- 
polished  metal  balls,  midway  along  the  length  of  the 
oscillator.  The  third  shape  is  one  devised  by  Professor 


Hertz 


Rigid 


-O 

Fig.  120. 


Righi  for  making  short  waves.  H<^e)mere  are  three 
gaps,  the  central  one  being  betwe&v  two  balls  immersed 
in  an  oil  1  afure  discharges.  The 

lowest  fc  Professor  Righi’s  devis¬ 


ing.  It  for  producing  exceed¬ 
ingly  she  than  an  inch  long — by 

the  osci]  two  spheres  to  which 

sparks  w  1  two  smaller  terminal 

balls  out 


The  )  depicts  two  forms  of 


for  producing  exceed- 
than  an  inch  long — by 
two  spheres  to  which 
1  two  smaller  terminal 
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oscillator  used  by  Professor  Oliver  Lodge,  of  Liverpool. 
Here  is  a  well-polished  metal  ball  supported  between 
two  smaller  balls  that  nearly  touch  it,  one  on  each  side. 
When  a  discharge  is  made  through  this  central  ball,  an 
electric  charge  surges  from  side  to  side  in  it  with  great 
vigour,  but  the  motion  dies  out  after  only  about  three  or 
four  such  surgings,  since  it  readily  radiates  its  energy 
into  space.  It  does  not  emit  a  long  train  of  waves  :  the 


Fig.  121. 


cP 


Fig.  i22. 

effect  dying  out  after  abojfrt^Vj  or  2  complete  oscillations. 
The  wave-length  of  th«emitted  waves  is  about  ij  times 
the  diameter  of  thdQSteul.  The  other  form,  Fig.  121^, 
shows  a  metal  cjMcrer  which  is  sparked  into  at  opposite 
ends  of  a  diameter  by  two  interior  balls.  This  oscillator 
emits  its  jen^fgy  less  rapidly,  and  the  oscillations  last 
longer.^Sjrgives  rise  to  a  train  of  waves  which  are  pro- 
paga^H^chiefly  straight  out  of  the  mouth  of  the  cylinder. 
22  depicts  one  of  the  simplest  ways  of  detecting  such 
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electric  waves,  and  at  the  same  time  makes  them  evident 
to  a  whole  audience.  An  ordinary  gold-leaf  electroscope 
is  provided  with  a  by-pass  of  wire  arranged  with  a  minute 
gap  (adjustable  by  a  screw)  to  break  the  continuity.  If 
the  gold  leaves  are  carefully  charged  they  will  remain 
diverging,  because  their  electric  potential  has  not  been 
raised  sufficiently  to  cause  a  discharge  across  the  gap. 
But  if  now  an  electric  wave  from  a  Hertz  oscillator — 
especially  from  an  oscillator  set  vertically  to  produce 
vertically  polarised  waves — falls  on  the  electroscope,  it 
sets  up  in  the  wire  by-pass  an  electric  surging  that  will 
overleap  the  gap  with  a  minute  spark.  And,  during  the 


Fig  T23. 

time  that  the  spark  bridges  the  gap  the  gold  le^s  dis¬ 
charge  themselves  and  fall  together. 

A  still  more  sensitive  detector  used  by  k«kge  consists 
of  a  bit  of  glass  tube  filled  loosely  iron  filings 

(Fig.  123)  and  joined  along  with  a  we)u£  voltaic  cell  in 
circuit  with  a  galvanometer.  L^fese  metal  filings  or 
powders  form  a  very  bad  and  incoherent  conductor : 
hardly  any  current  passes  (fjpigh  them.  But  let  an 
electric  wave  fall  on  the  instantly  the  filings  become 
— as  discovered  by  M.Q)ranly — an  excellent  conductor. 
So  there  results  a  movement  of  the  galvanometer,  and  of 
the  spot  of  lighjvSlected  by  it,  proving  that  an  electric 
wave  has  b^^n^retected  by  the  tube. 

Fig.  s^vmiows  a  set  of  the  apparatus  with  which 
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Professor  Lodge  repeated  and  verified  the  observations  of 
Hertz  as  to  the  optical  properties  of  these  electric  waves. 
Hertz  had  reflected  them  with  parabolic  mirrors  6  feet 
high,  and  refracted  them  with  huge  prisms  of  pitch.  He 
found  they  could  penetrate  through  wooden  floors  and 
stone  walls.  He  polarised  them  and  diffracted  them. 
Lodge  was  able  to  repeat  these  results,  but  with  an 
apparatus  of  less  heroic  dimensions.  The  sender  con- 


sists  of  an  oscillator,  like  Fig^^irz,  having  a  5-inch  ball 
emitting  7-inch  waves,  errateedin  a  copper  box  furnished 
in  front  with  a  diaph^^m  perforated  with  apertures  of 
various  sizes  to  mdjwate  the  radiation  to  any  desired 
degree.  As  doctor,  D,  there  is  used  a  tube  full  of 
coarse  iron  iftifc^  put  at  the  back  of  a  copper  hat,  whose 
open  encLis  Turned  in  any  direction  in  which  waves  are 
to  be  /*^eived.  Wires  pass  from  the  detector  to  the 
gqLv*(rmmeter,  G,  and  are  enclosed  in  a  metal  tube  to 
S^kI  them  from  stray  radiations.  If  the  receiver  is  set 
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obliquely  to  the  sender  so  that  no  waves  from  the  sender 
enter  the  receiver,  the  galvanometer  will  give  no  indica¬ 
tions.  But  if  the  waves  from  the  sender  are  reflected 
into  the  mouth  of  the  receiver  by  holding  in  front,  at  the 
proper  angle,  a  sheet  of  metal,  at  once  the  detector  is 
affected,  and  the  galvanometer  reveals  the  fact.  Simi¬ 
larly,  as  shown  in  the  diagram,  a  prism  of  paraffin  wax 
may  be  used  to  refract  the  electric  waves  into  the  mouth 


Fig.  125. 

of  the  receiver.  The  picture  also  shows  a  of  metal 
wires  which  can  be  used  to  polarise  thq^&ctric  waves. 

More  recent  than  the  researches  rofessor  Lodge 
are  those  of  Professor  Righi,  who^apparatus  is  shown 
in  Fig.  125.  It  consists  of  two^irts,  a  sender  and  a 
receiver.  The  sender,  on  frteMeft,  consists  of  a  small 
oscillator  (that  shown  £\K®fc*t)ottom  of  Fig.  120),  with 
three  spark-gaps,  the  :ral  gap  being  capable  of  fine 
adjustment.  In  Fi%J[2  5  this  gap  is  between  the  ball 
marked  V,  and  b^£)below  it  (not  shown),  enclosed  in  a 
small  leathpjr^a-psule  filled  with  vaseline.  This  oscil¬ 
lator  is  soMt^ie  focus  of  a  parabolic  mirror,  M,  to  reflect 
'  Q 
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the  waves  out  straight  to  the  right  across  the  central 
table  C.  The  detector,  D,  which  also  is  furnished  with  a 
parabolic  mirror,  is  an  optical  one.  It  is  made  of  a  film 
of  silver  upon  a  slip  of  glass,  the  film  being  divided  in 
two  across  the  middle  with  a  diamond  cut.  Across  this 
narrow  gap  minute  sparks  pass,  and  are  viewed  through 
an  eye-piece  at  D.  The  apparatus  is  quite  small  enough 
to  be  put  upon  an  ordinary  table,  and  presents  quite  the 
appearance  of  a  piece  of  optical  apparatus.  Upon  the 
central  table  can  be  mounted  reflectors,  prisms,  lenses, 
grids,  or  any  other  apparatus.  With  these  devices 
Professor  Righi  has  tracked  down  the  optical  properties 
of  the  electric  waves  varying  from  8  inches  down  to 
i  inch  in  length.  He  has  demonstrated  interference 
fringes  by  Fresnel’s  mirrors,  and  with  the  biprism,  with 
thin  plates,  and  by  diffraction.  He  has  verified  the 
laws  of  refraction,  reflexion,  total  reflexi^^^plarisation, 
and  of  elliptical  and  circular  oscillators.  He  also 
investigated  the  transparency  of  me<^Qhnd  the  selective 
transparency  of  wood  according  ^}ts  grain,  a  property 
which  makes  it  polarise  the  waves  just  as  tour¬ 

maline  polarises  light.  skert,  he  has  completed  the 
proofs  that  these  waves  j^ftpess  all  the  known  properties 
of  ordinary  light.  Qtfg^r  workers  have  occupied  them¬ 
selves  in  the  saro^J^eld.  We  are  shortly  to  hear  a 
discourse  here  <r  Tofessor  J.  Chunder  Bose,  of  Calcutta, 

1  Given  Prkhiy,  January  29,  1897.  Professor  Bose’s  oscillator 
is  depictecLinFig.  126;  it  is  made  of  a  small  ball  of  platinum 
betweem.ft^Psmaller  balls.  Single  sparks  are  given  to  this  from  a 
smalLi«l3ction-coil.  A  cylindrical  lens  of  ebonite  in  front  of  this 
JsjJ&tor  renders  parallel  the  emitted  waves.  The  complete 
Tatus  is  shown  in  Fig.  127.  The  oscillator  or  sender  S  enclosed 
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upon  the  polarisation  of  the  electric  wave  as  studied  by 
him,  with  an  exceedingly  elegant  apparatus  producing 
still  shorter  waves. 

But  before  I  close  I  must  show  you  at  least  some  of 

in  a  metai  tube  projects  from  a  box  A,  doubly  cased  in  metal  ; 
which  contains  the  induction-coil  and  battery.  The  detector  D 
consists  of  a  number  of 
small  metal  springs 
lightly  pressing  against 
one  another,  traversed 
by  a  current  from  a 
single  cell  C  in  the 
circuit  of  which  is  in- 
eluded  the  galvanometer  G.  The  detector  D  is  set  up  on  a 
movable  arm  on  an  optical  circle,  so  that  the  optical  properties 
o  the  electnc  beam  may  be  studied.  M  is  a  plane  mirror,  N 
a  curved  mirror  for  studying  the  laws  of  reflexion,  P  is  a  prism 
of  ebonite,  T  a  special  apparatus  for  observing  the  total  reflexion 
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Elevation 


these  effects  in  actual  experiment.  Here,  in  a  metal 
box,  is  a  small  induction  coil  actuated  by  a  couple  of 
battery  cells.  The  spark  which  this  makes  is  carried  to 
a  small  oscillator,  closely  resembling  Lodge’s  (Fig.  121). 
It  is,  in  fact,  a  short  piece  of  polished  platinum  tube,  4 
millimetres  in  diameter,  between  two  small  beads  of 
platinum.  It  emits  waves  about  -J  inch  long.  I  surround 
,  it  with  a  metal  bonnet  or  tube  to 
direct  the  waves  straight  out.  The 
detector  is  simply  a  tube  loosely 
filled  with,  iron  filings  in  circuit  with 
a  galvanometer,  and  a  cell  made 
with  a  bit  of  iron  and  a  bit  of 
copper  dipping  into  salt  water.  It 
also  is  furnished  with  an  outer  metal 
tube  to  screen  it  from  stray  radia¬ 
tions.  If  I  set  th^Q$^ider  and 
receiver  opposite  o^^another,  the 
receiver  will  respond  whenever  a  sparj^^ passed  through 
the  sender.  After  each  such  res|  H^Oe,  I  have  to  give  a 
gentle  tap  to  the  detector  to^sAwLe  up  the  filings  and 
send  the  galvanometer  ind^Vfrck  to  zero. 

Now  I  set  the  receiv@  askew  so  that  none  of  the 
waves  from  the  sender©>all  get  to  the  detector.  Spark 
after  spark  is  dischgpWfcl  across  the  oscillator,  but  there 
is  no  response.  ^Oien  I  hold  a  plate  of  metal  as  a  mirror 

beam,  since  (1  ie  tourmaline  for  short  waves)  these  materials 
absorb  th£  atectric  vibrations  in  directions  parallel  to  certain  axes  of 
their  strufiN^?  Even  an  ordinary  book  possesses  for  these  waves 
a  polajflAag  structure  ;  the  waves  that  vibrate  parallel  to  the  leaves 
b<^\^bsorbed  more  than  those  that  vibrate  in  a  direction  trans- 
to  them. 


3=^ 


Plan 

Fig.  128. 
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to  reflect  the  waves,  or  I  interpose  at  the  proper  angle  a 
small  prism  of  paraffin  wax.  At  once  the  detector 
responds,  proving  that  the  waves  have  been  turned 
round  the  corner,  refracted  by  the  prism. 

If  then  it  can  be  proved  that  these  electric  waves, 
though  invisible,  can  be  reflected,  refracted,  polarised, 
and  absorbed,  exactly  as  the  visible  waves  of  ordinary 
light,  have  we  not  good  reason  to  regard  them  as  one 
and  the  same  phenomenon  ?  By  every  test,  in  every 
physical  property,  save  only  the  accident  that  our  eye  is 
not  sensitive  to  them,  they  are  nothing  else  than  waves 
of  light.  But  if  that  is  so,  are  we  not  entitled  logically 
to  draw  the  converse  inference  that  if  light,  ordinary 
light,  behaves  in  the  same  way  and  has  all  the  same  pro¬ 
perties  on  the  small  scale  as  these  electric  waves  on  the 
larger  scale,  then  the  little  waves  of  ordinary  lighjAare 
also  electric  waves?  That,  indeed,  was  the  fcjjUiant 
speculation,  the  daring  theory  propounded  by 

the  late  Professor  Clerk  Maxwell.  Basing  feiRheas  upon 
the  investigations  pursued  in  this  institutSm  by  Faraday, 
who  himself  ventured  first  into  this  e^cjamed  domain  of 
electro-optics,  Maxwell  predicted  t]mproperties  of  electric 
waves  in  that  famous  memoir ^wmrrein  he  set  forth  the 
doctrine  that  light  consists  OQrcctric  vibrations  in  space. 


m  Fertz  and  those  who  have 


And  the  brilliant  succe! 


followed  him  in  demQr^yhting  by  experiment  the  optical 
properties  of  these  is  the  abundant  justification  of 

Maxwell’s 
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The  Electromagnetic  Theory  of  Light 


During  the  first  quarter  of  the  present  century  the  wave- 
theory  of  light  successfully  displaced  the  older  corpuscular 
theory.  Young,  Fresnel,  Arago,  Biot,  and  Airy  established 
the  laws  of  physical  optics  upon  an  unimpregnable  basis  of 
undulatory  theory,  leaving  Brewster  the  sole  surviving 
exponent  of  the  material  nature  of  light.  But  none  of  those 
who  thus  contributed  to  establish  the  wave-theory  of  light 
could  do  much  to  elucidate  the  nature  of  that  wave-motion 
itself.  If  light  consist  of  waves  they  mustd^^ves  in  or 
of  something  :  that  something  being  provismSJlly  called  the 
ether.  But  as  to  the  nature  of  the  ethejTi^lf,  or  as  to  the 
particular  motions  of  it  that  were  »Aphgated  as  waves, 
scarce  anything  was  to  be  learned  that  the  ether  itself 
behaved  rather  like  an  incompT'A«ble  liquid  or  solid  of 
extreme  tenuity  but  great  ritfic Sfcjjf  and  that  the  waves  were 
of  the  kind  classed  as  tranaj&sal  (see  p.  108). 

In  1845  Faraday  discovered  the  singular  fact  that  the 
magnet  exercises  a  peAUar  action  on  light ;  the  plane  of 
polarisation  of  aj:>gpn*^ed  beam  being  rotated  when  the 
beam  passes  ^magnetic  field. 

The  exist  a  relation  between  light  and  magnetism 


being  thus  e^^jJ/lished,  Faraday  proceeded  to  look  for  other 


relations^  iSjluding  the  action  of  an  electrostatic  strain  on 
polarisqftyight,  and  the  effect  of  reflecting  polarised  light 


olished  pole  of  a  magnet,  neither'  of  which,  how- 
succeeded  in  observing. 


546  he  sent  to  the  Philosophical  Magazuie  some 
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“  Thoughts  on  Ray  Vibrations  55  in  which  he  suggested  that 
radiation  of  all  kinds,  including  light,  was  a  high  species  of 
vibration  in  the  lines  of  force.  “  Suppose,5’  he  says,  “  two 
bodies  A  B,  distant  from  each  other  and  under  mutual 
action,  and  therefore  connected  by  lines  of  force,  and  let  us 
fix  our  attention  upon  one  resultant  of  force  having  an 
invariable  direction  as  regards  space  ;  if  one  of  the  bodies 
move  in  the  least  degree  right  or  left,  or  if  its  power  be 
shifted  for  a  moment  within  the  mass  (neither  of  these 
cases  being  difficult  to  realise  if  A  and  B  be  either  electric 
or  magnetic  bodies),  then  an  effect  equivalent  to  a  lateral 
disturbance  will  take  place  in  the  resultant  upon  which  we 
are  fixing  our  attention  ;  for  either  it  will  increase  in  force 
whilst  the  neighbouring  resultants  are  diminishing,  or  it  will 
fall  in  force  as  they  are  increasing.  .  .  .  The  propagation 
of  light,  and  therefore  probably  of  all  radiant  action,  occupies 
time ;  and,  that  a  vibration  of  the  line  of  force  should 
account  for  the  phaenomena  of  radiation,  it  is  necessary  that 
such  vibration  should  occupy  time  also.  ...  As  to  that 
condition  of  the  lines  of  force  which  represents  the  assigned 
high  elasticity  of  the  aether,  it  cannot  in  this  be 

deficient :  the  question  here  seems  rather  to  bqjfcpiether 
the  lines  are  sluggish  enough  in  their  action  to/^Rcfer  them 
equivalent  to  the  aether  in  respect  of  th^Vbime  known 
experimentally  to  be  occupied  in  the  transaction  of  radiant 
force.55 

In  1864  Clerk  Maxwell,  in  a  patoeVm  the  Philosophical 
Transactions  on  “A  Dynamicalf^heory  of  the  Electro¬ 
magnetic  Field,55  wrote  : — “  Tl^conception  of  the  propaga¬ 
tion  of  transverse  magnetic  dfcJpTbances  to  the  exclusion  of 
normal  ones  is  distinctly by  Professor  Faraday  in 
his  4  Thoughts  on  Ray^SQb rati ons.5  The  electromagnetic 
theory  of  light,  as  prt5pos«d  by  him,  is  the  same  in  substance 
as  that  which  I  hav^teegun  to  develop  in  this  paper,  except 
that  in  1846  thbrcjjvere  no  data  to  calculate  the  velocity  of 
>C^tax 


propagation. 5 ’QMaxwell  then  sets  out  new  equations  to 
express  ti^vC^ations  between  the  electric  and  magnetic 
displacelw^Rs  in  the  medium  and  the  forces  to  which  they 
give  n^e.  He  not  only  accepts  the  idea  of  Faraday  that  a 
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moving  electric  charge  (as  on  a  charged  body  in  motion) 
acts  magnetically  as  an  electric  current, — a  proposition  at 
that  time  unsupported  by  any  experimental  demonstration 
—  but  goes  further  and  maintains  that  there  is  also  a 
magnetic  action  produced  during  the  production  or  release 
of  an  electric  displacement  in  a  dielectric  medium  :  in 
fact,  that  displacement-currents  in  non-conductors  produce, 
while  they  last,  exactly  the  same  magnetic  action  as  the 
equivalent  conduction -current  would  produce.  He  finds 
that  if  magnetic  methods  of  measurement  are  adopted, 
the  unit  of  electricity  arrived  at  has  a  certain  value,  while 
if  purely  electrical  methods  are  used  the  unit  has  a  different 
value.  The  relation  between  these  two  units  was  found 
to  depend  on  the  “  electric  elasticity  ”  of  the  medium, 
and  to  be  a  velocity ;  namely,  that  velocity  with  which  an 
electromagnetic  disturbance  is  propagated  in  space.  This 
velocity  had  already  been  determined  as  a  ratio  of  units  by 
Weber  and  Kohlrausch,  who  found  it  to  be  3-19  x  io10 
centims.  per  second.  The  velocity  of  apparent  propagation 
of  an  electric  disturbance  along  a  wire  had  prej^Wisly  been 
roughly  determined  by  Wheatstone  at  a  soM^hkt  higher 
figure.  Commenting  on  Weber’s  result  Ma;  proceeds : — 

“  This  velocity  is  so  nearly  that  of  light,  th£v^  seems  we  have 
strong  reason  to  conclude  that  light  ite([Ij[including  radiant 
heat,  and  other  radiations,  if  an  electromagnetic 

disturbance  in  the  form  of  wafejpfopagated  through  the 
electromagnetic  field  according toelectromagnetic  laws.  If 
so,  the  agreement  between  ^\lasticity  of  the  medium  as 
calculated  from  the  raptf^alternations  of  luminous  vibra¬ 
tions,  and  as  found  {^StvThe  s*ow  processes  of  electrical 
experiments,  sho\^  perfect  and  regular  the  elastic 

properties  of  thcv^^dium  must  be  when  not  encumbered 
with  any  matter  jWiser  than  air.  If  the  same  character  of 
the  elasticity  >r  retained  in  dense  transparent  bodies,  it 
appears  tfafejhe  square  of  the  index  of  refraction  is  equal  to 
the  pmQ:t  of  the  specific  dielectric  capacity  and  the 
sp<^^magnetic  capacity.  Conducting  media  are  shown 
to^J^sorb  such  radiations  rapidly,  and  therefore  to  be 
generally  opaque.”  These  two  conclusions  Maxwell  himself 
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attempted  to  verify,  and  pointed  out  an  apparent  exception 
in  the  case  of  electrolytes,  which  conduct  and  yet  are 
transparent.  In  Maxwell’s  theory  every  electromagnetic 
wave  must  consist  of  two  kinds  of  displacements  both  trans¬ 
verse  to  the  direction  of  propagation,  and  at  right  angles  to 
one  another,  one  being  an  electrostatic  displacement,  the 
other  a  magnetic  displacement.  In  this  feature  Maxwell’s 
theory  reconciles  the  conflicting  views  of  Fresnel  and 
MacCullagh  respecting  the  relation  of  the  displacements  to 
the  “  plane  of  polarisation.”  It  is  now  known  that  the 
electric  displacements  are  at  right  angles  to  that  plane  and 
agree  with  the  Fresnel  vibrations  ;  whilst  the  magnetic  dis¬ 
placements  are  in  the  plane  of  polarisation  as  required  by 
the  theory  of  MacCullagh.  When,  in  1874,  Maxwell 
published  his  Treatise  on  Magnetism  and  Electricity,  he 
had  already  attempted  a  further  verification  of  the  theory 
by  means  of  a  new  determination  of  the  ratio  of  the  units. 
During  the  next  ten  years  British  physicists  were  busy 
following  out  the  applications  of  the  theory,  and  testing 
its  truth  in  particular  instances.  Lord  Rayleigh  showed 
that  it  led  much  more  readily  than  the  old  elastj^sblid 
theory  of  light  to  the  equations  for  double  refractipsStfhia  to 
the  explanation  of  the  scattering  of  light  (as  inffe{p  blue  of 
the  sky)  by  small  particles.  FitzGerald  ap»&^  it  to  the 
problems  of  the  reflexion  and  refractiooX^-'light.  J.  J. 
Thomson  undertook  a  new  determinafhSwof  the  ratio  of 
the  units.  Ayrton  and  Perry  pursue(k^f  similar  investiga¬ 
tion  by  a  new  method.  The  saw*  two  observers  also 
verified  the  relation  of  the  optical  Vnd  dielectric  properties 
in  the  case  of  gases  as  recjMwJ&i  by  the  theory,  and  ex¬ 
amined  the  anomalies  mrOsfe&ed  by  ice  and  ebonite. 
Poynting  and  HeavisuftSTm  depen  dently  deduced  from 
Maxwell’s  theory  tDe*  Imposition  that  the  energy  of  an 
electric  current  travbLr  by  the  medium  and  not  by  the 
wire.  Hopkinsqtfjnvestigated  the  relation  between  the 
refractive  inde^)hf  a  number  of  substances  and  their 
dielectric  mdGctivity ;  and  found  some  notable  deviations 
from  the  >ra^es  required  by  theory.  Lodge  added  a  number 
of  impArtaht  considerations,  and  produced  mechanical 
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models  in  illustration  of  Maxwell’s  ideas.  The  present 
author  investigated  the  opacity  of  tourmaline  in  relation  to 
its  conductivity ;  and  found  also,  in  accordance  with 
Maxwell’s  views,  that  the  conductivity  of  the  double  iodide 
of  mercury  and  copper  increases  when  it  is  raised  to  the 
temperature  at  which  its  opacity  to  light  is  suddenly 
augmented.  Even  more  important,  because  independent 
of  Maxwell’s  theory,  Dr.  Kerr  in  1876  and  1877  discovered 
by  direct  experiment  new  relations  between  light  and 
magnetism  and  between  light  and  electrostatic  strain, 
effects  which  Faraday  had  suspected,  but  sought  in  vain  to 
discover.  Lastly,  FitzGerald  had,  in  1879  and  1883, 
suggested  means  of  starting  electromagnetic  waves  in  the 
ether. 

By  the  year  1884  all  British  physicists,  except  perhaps 
Lord  Kelvin,  who  had  just  then  been  elaborating  an  inde¬ 
pendent  spring-shell  theory  of  the  ether  as  an  improvement 
on  the  elastic-solid  theory,  had  accepted  Maxwell’s  theory. 
Three  years  later  Lord  Kelvin  gave  his  adhesion.  On 
the  Continent  it  was,  however,  barely  recm$Ased.  In 
France  it  was  quite  ignored  until  MascarH^na  Joubert 
gave  some  account  of  it  in  their  treatkA£)bn  electricity. 
In  Germany  it  was  not  quite-  so  entireJ^Nneglected.  Von 
Helmholtz  appears  to  have  been  ewQarawn  to  study  it, 
and  himself  evolved  a  new  thccinQF  dielectric  action  on 
similar  lines.  Later  (in  iSg^njlre  applied  the  electro¬ 
magnetic  theory  to  explaiik  anomalous  refraction  and 
dispersion  (see  Appendix  Cc  ecture  ILL,  p.  100,  above). 
It  was  von  Helmholtz  w®* first  drew  the  attention  of  Hertz 
to  the  possibility  of  eS^ajShshing  a  relation  between  electro¬ 
magnetic  forces  ^^dlelectric  polarisation.  Boltzmann 
had  also  attempttsfcvb  verify  Maxwell’s  theory  with  respect 
to  the  relatio^between  the  optical  and  dielectric  properties 
of  transjDarenr'substances.  But,  for  the  rest,  Maxwell’s 
theory  w^^ractically  ignored.  Boltzmann  himself  wrote 
in  i8j^3  “The  theory  of  Maxwell  is  so  diametrically 
opj^j&L  to  the  ideas  which  have  become  customary  to  us 
tlr^Vve  must  first  cast  behind  us  all  our  previous  views  of 
4'  ie  nature  and  operation  of  electric  forces  before  we  can 
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enter  into  its  portals.”  Wiedemann  appears  to  have 
deemed  the  discrepancies  observed  by  Hopkinson  and 
Boltzmann  as  sufficient  to  call  in  question  the  validity  of 
the  theory,  of  which  little  notice  is  taken  in  the  volumes  of 
the  1885  edition  of  Die  Lehre  vo?i  der  Elektricitat.  (Fleming 
has  in  1897  shown  that  these  discrepancies  disappear  when 
the  substances  are  cooled  in  liquid  oxygen  to  about  -  180° 
C.) 


In  1886  Lodge,  investigating  the  theory  of  lightning 
conductors,  carried  out  a  long  series  of  experiments  on  the 
discharge  of  small  condensers,  leading  him  to  the  observa¬ 
tion  of  electric  oscillations  and  of  the  travelling  of  electric 
waves  as  guided  by  wires.  Hertz  taking  up  the  problem 
put  to  him  by  von  Helmholtz,  threw  himself  into,  investi¬ 
gating  the  influence  of  non-conducting  media  on  the 
propagation  of  electric  sparks.  By  March  1888  he  had 
succeeded  not  only  in  producing  electric  oscillations  and 
electric  waves  by  the  apparatus  described  above  (Fig.  1 14, 
p.  215 ),  but  in  demonstrating  that  these  waves  could  be 
reflected  and  refracted  like  ordinary  light.  \ 

The  result  of  the  publication  of  Hertz’s  w^lCjvas 
immediate  and  widespread.  To  those  continent  physi¬ 
cists  who  had  hitherto  ignored  Maxwell’s  ttoQy,  or  who 
were  unaware  of  the  proofs  accumulator^  by  British 
physicists,  Hertz’s  work  was  nothing  shtfrtNJT  a  revelation. 
Scientific  Europe  precipitated  itself  ujfomwje  production  of 
electric  oscillations,  as  if  eager  to  fria^e  up  lost  headway. 
The  revelation  was  the  more  signi^jjmt,  since  for  those  who 
had  not  accepted  the  ideas  of  ftaraday  and  Maxwell  as  to 
action  in  the  medium,  it  mea^mane  abandonment  of  all  the 
other  electrical  theories^®!  Extant  which  were  based  on 
the  now  untenable  prinpvie  of  action  at  a  distance.  None 
the  less  heartily  was^Elem’s  work  welcomed  in  England  by 
those  who  were  already  disciples  of  Maxwell.  They  saw 
in  it  the  crowhmg  proofs  of  a  theory  which  on  other 
grounds  theyoitfd  already  accepted  as  true.  To  adopt 
Oliver  L^jfe&s  words,  by  the  end  of  1888  the  science  of 
electricit^h^id  definitely  annexed  to  itself  the  domain  of 
optic^^id  had  become  an  imperial  science. 
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Since  1888  much  has  been  done  to  complete  the 
experimental  verification  of  the  complete  analogy  between 
electric  waves  and  waves  of  light.  Of  these  the  more 
important  are  briefly  noticed  on  pp.  221-229  above.  Suffice 
it  here  to  say  that  there  is  no  known  physical  property 
possessed  by  waves  of  ordinary  light  that  has  not  been 
found  to  be  also  correspondingly  a  property  of  the  longer 
invisible  waves  produced  by  purely  electric  means.  By 
reason  of  their  greater  wave-length  they  will  pass  through 
many  substances  opaque  to  ordinary  light,  such  as  stone 
and  brick  walls,  and  through  fogs  and  mists. 


A  Hertz-wave  Model 


Subsequently  to  the  delivery  of  these  lectures,  and  while 
this  volume  was  preparing  for  the  press,  the  author  devised 
a  wave-motion  model  to  illustrate  mechanically  the  propa¬ 
gation  of  a  wave  from  a  Hertz  oscillator  to  a  Hertz 
resonator.  This  apparatus,  which  is  depicted  in  Fig.  129, 
should  be  compared  with  Fig.  114,  p.  215.  In^iis 
model  the  “  oscillator  55  is  a  heavy  mass  of  brass  h*mgl)y 
cords,  and  having  a  definite  time  of  swimj2f  The 
“resonator55  is  a  brass  circle  hung  at  the  othe^^d  of  the 
apparatus  by  a  trifilar  suspension.  They  ai^rajusted  by 
lengthening  or  shortening  the  cords  so  a^/T^have  identical 
periods  of  oscillation.  Between  themAm  represent  the 
intervening  medium  and  transmit  thfe  eitm-gy  in  waves,  is  a 
row  of  inter-connected  penduluimQon  a  plan  somewhat 
similar  to  one  suggested  in  18^7  oy  Osborne  Reynolds) 
consisting  each  of  a  lead  bi^ftjS^hung  by  a  V  thread,  the 
separate  Vs  overlapping  ^nJ0jmOther  so  that  no  bullet  can 
swing  without  communi^H'frig  some  of  its  motion  to  its 
next  neighbour.  Qfn  Rawing  the  oscillator  aside  and 
letting  it  go  it  sej^s  ofr  a  transverse  wave  which  is  propa¬ 
gated  along  the  *]%m)of  balls  in  a  manner  easily  followed  by 
^ich,  on  reaching  the  resonator  at  the 
t  into  vibration. 
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“There  is  no  history,’5  he  said.  “  I  had  been  for  a 
long  time  interested  in  the  problem  of  the  kathode  rays 
from  a  vacuum  tube  as  studied  by  Hertz  and  Lenard. 
I  had  followed  theirs  and  other  researches  with  great 
interest,  and  determined,  as  soon  as  I  had  the  time, 
to  make  some  researches  of  my  own.  This  time  I 
found  at  the  close  of  last  October  [1895].  I  had  been 
at  work  for  some  days  when  I  discovered  something 
new.” 


“  What  was  the  date  ?  ” 

“The  8th  of  November.” 

“  And  what  was  the  discovery  ?  ” 

“  I  was  working  with  a  Crookes’s  tube  covered  by  a 
shield  of  black  cardboard.  A  piece  of  barium  platino- 
cyanide  paper  lay  on  the  bench  there.  I  had  been 
passing  a  current  through  the  tube,  and  I  noticed  a 
peculiar  black  line  across  the  paper.” 

“What  of  that?”  (g* 

“  The  effect  was  one  which  could  only  b^p^oduced, 
in  ordinary  parlance,  by  the  passage  of  No  light 

could  come  from  the  tube  because^raJ  shield  which 
covered  it  was  impervious  to  any  IjglTMmown,  even  that 
of  the  electric  arc.” 

“  And  what  did  you  think 

“  I  did  not  think ;  I  Ln^Jtigated.  I  assumed  that 
the  effect  must  have^Qme  from  the  tube,  since  its 
character  indicated^Tfpr  it  could  come  from  nowhere 
else.  I  tested  it^Tn  a  few  minutes  there  was  no  doubt 
about  it.  RavsNrere  coming  from  the  tube,  which  had 
a  lumines^  feet  upon  the  paper.  I  tried  it  success¬ 
fully  at  grafter  and  greater  distances,  even  at  two  metres. 
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It  seemed  at  first  a  new  kind  of  light.  It  was  clearly 
something  new,  something  unrecorded.” 

“  Is  it  light  ?  ” 

“  No.”  [It  can  neither  be  reflected  nor  refracted.] 

“  Is  it  electricity  ?  ” 

“Not  in  any  known  form.” 


“What  is  it?  ” 

“  I  do  not  know.  Having  discovered  the  existence 
of  a  new  kind  of  rays,  I  of  course  began  to  investigate 
what  they  would  do.  It  soon  appeared  from  tests  that 
the  rays  had  penetrative  power  to  a  degree  hitherto  un¬ 
known.  They  penetrated  paper,  wood,  and  cloth  with 
ease,  and  the  thickness  of  the  substance  made  no  per¬ 
ceptible  difference,  within  reasonable  limits.  The  rays 
passed  through  all  the  metals  tested,  with  a  facility 
varying,  roughly  speaking,  [inversely]  with  the  density  of 
the  metal.  These  phenomena  I  have  distm^a^  carefully 
in  my  report1  to  the  Wurzburg  Societjjg^and  you  will 
find  all  the  technical  results  therein  s(^d.” 

Such  was  Rontgen ’s  own  acc given  by  word  of 
mouth.  It  is  entirely  borne  the  fuller  document, 

in  which  in  quiet  and  measmasKerms  Rontgen  described 
to  the  Wurzburg  SocietyQi^  discovery  under  the  title 
“On  a  new  kind  offl^iys,”  and  which  was  the  first 
announcement  toM^ientific  world. 

Now  you  wiliS^Se  that  in  the  whole  passage  I  have 
read  describ(n^me  discovery,  there  is  not  a  word  about 
photogra^^  from  beginning  to  end.  Photography 

LU^^eine  neue  Art  von  Strahlen  (Vorlaufige  Mittheilung), 
X>JS  Wilhelm  Konrad  Rontgen.  (Sitzungsberichte  der  Wiirz- 


physik-medic.  Gesellschaft,  1895.) 
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played  no  part  in  the  original  observation.  No  photo¬ 
graphic  plate  or  sensitised  paper  was  employed.  The 
discovery  was  made  by  the  use  of  the  luminescent  screen, 
the  acquaintance  of  which  you  made  (if  you  did  not  know 
of  it  before)  at  my  fourth  lecture,  when  we  were  dealing 
with  ultra-violet  light.  On  that  occasion  I  showed  you 
a  card  partly  covered  with  platino-cyanide  of  barium 
which  has  been  in  my  possession  since  1876.  When 
exposed  to  invisible  ultra-violet  light  it  shone  in  the 
dark.  No  one  who  has  ever  used  such  a  luminescent 
screen  can  blunder  into  mistaking  it  for  a  photographic 
plate.  Such  a  screen — a  piece  of  paper  covered  with  the 
luminescent  stuff1 — was  Rontgen  using  in  his  investiga¬ 
tions.  And  as  luminescent  screens  are  not  things  to  be 

found  lying  about  by  accident,  it  is  evident  that  its 

presence  on  the  bench  in  Rontgen’s  laboratory  on 
8th  November  1895,  when  he  was  deliberately  insti¬ 
gating  the  phenomena  observed  by  Lenard,  was&n  no 
sense  accidental.  That  you  may  the  better  ^^Serstand 
the  precise  nature  of  Rontgen’s  disc<$^^,  we  will 

repeat  the  observation  with  the  applkd^s  now  at  our 
disposal.  # 

Before  you  stands  a  Crookes’£Vfcbe,  which  I  can  at 
any  moment  stimulate  into  acj^ty  by  passing  through 
it  an  electric  spark  from  ^femtable  induction-coil.  It 
shines  with  visible  HgX^^he  glass  glowing  with  a 

beautiful  greenish-^df^iluorescence.  To  stop  off  all 

1  It  is  interestirti  note  that  Lenard’s  investigations  of  1894 
were  conducted  iQjne  aid  of  a  luminescent  screen  composed  of 
paper  impregti^BVwith  the  wax-like  chemical  called  pentadecylpara- 
tolylketon^S 
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visible  light,  I  place  over  the  Crookes’s  tube  this  case 
made  of  black  cardboard,  which  cuts  off  not  only  the 
visible  rays  of  every  sort,  but  also  cuts  off  the  invisible 
rays  of  the  infra-red  and  ultra-violet  sorts.  On  the  table, 
just  below  the  tube,  lies  a  sheet  of  paper  covered  with 
platino-cyanide  of  barium — in  fact,  a  luminescent  screen. 
And,  on  passing  the  electric  discharge  through  the  shielded 
Crookes’s  tube  you  will  all  see  that  this  luminescent  sheet 
at  once  shines  in  the  dark;  while  across  it — as  those 
who  are  near  may  observe — there  falls  obliquely  a  dark 
line  which  is  simply  a  shadow  of  a  small  support  that 
stands  between  the  tube  and  the  screen.  Something 
evidently  is  causing  that  sheet  of  luminescent  paper  to 
light  up.  Can  the  effect  come  from  anywhere  else  than 
from  the  tube?  Try  by  interposing  things,  and  see 
whether  they  cast  shadows  on  the  paper.  The  nearest 
thing  at  hand  is  a  wooden  bobbin,  on  tfN^h  wire  is 
wound.  If  I  interpose  it,  it  casts  a  shad^V)n  the  paper. 
But  looking  at  the  shadow  one  notice^Qtiriously  enough, 
that  while  the  wire  casts  a  deci$l<(j©  shadow,  the  wood 
casts  scarcely  any.  I  hold  upCjthb  screen  that  you  may 
see  the  shadow  more  plairtlyS' Yes  !  there  is  something 
coming  from  that  tube  viffii  causes  the  screen  to  light 
up,  and  which  caste  J0  the  screen  shadows  of  things 
held  between  tub^Qj^d  screen.  This  light — if  light 
it  be — comes  fr^rthe  tube.  But  is  it  light  ?  Light,  as 
we  know  it^cahfiot  pass  through  black  cardboard.  If  it 
be  lighj  ^islight  of  some  wholly  new  and  more  pene- 
trativ<^&na.  I  move  away,  sf’11 
n^J^nd,  to  greater  distances. 

N^^screen  still  shines,  though  less  brilliantly. 


still  holding  the  screen  in 
Here,  two  metres  away, 
And, 
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note,  it  shines  whether  its  face  or  its  back  be  pre¬ 
sented  toward  the  tube.  The  rays,  having  penetrated 
the  shield  of  black  cardboard  that  encloses  the  tube,  can 
also  penetrate  the  paper  screen  from  the  back,  and  make 
the  chemically -prepared  face  shine.  Let  us  follow 
Rontgen  farther  as  he  investigated  the  penetrative  power 
of  the  rays.  I  interpose  a  block  of  wood  against  which 
a  pair  of  scissors  has  been  fixed  by  nails.  You  can  see 
on  the  screen  the  shadow  of  the  scissors ;  the  light 
passes  through  the  wood,  though  not  so  brightly,  for  the 
wood  intercepts  some  of  the  rays.  Paper,  cardboard, 
and  cloth  are  easily  penetrated  by  them.  The  metals 
generally  are  more  opaque  than  any  organic  substance, 
and  they  differ  widely  amongst  one  another  in  their 
transparency.  Thin  metal  foil  of  all  kinds  is  more  or 
less  transparent;  but  when  one  tries  thicker  pieces ^hey 
are  of  different  degrees  of  opacity.  Ordinary  o^S^are 
opaque.  A  golden  sovereign,  a  silver  shillh^^and  a 
copper  farthing  are  all  opaque,  but  the  lrgftter  metals 
such  as  tin,  magnesium,  and  aluminium,  the  latter, 

are  fairly  transparent.  Here  is  my  /5TK©  of  leather  with 
a  metal  frame.  I  have  but  to  ho$d  ^between  the  tube 
and  the  screen  to  see  its  conQjns — two  coins  and  a 
ring — for  leather  is  transpare&j  to  these  rays.  A  sheet 
of  aluminium  about  t^OT&ntieth  of  an  inch  thick, 
though  opaque  to  evewN^ther  previously-known  kind  of 
light  is  for  this  kin^cpnght  practically  transparent.  On 
the  other  han$  ^ad  is  very  opaque.  Rontgen  found 
opacity  to  gq£^>proximately  in  proportion  to  density. 
It  is  nqu\Jqhnd  that  those  metals  which  are  of  the 
greatesf^Khnic  weight  are  the  most  opaque  to  Rontgen 
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light.  Uranium,  the  atomic  weight  of  which  is  240,  is 
the  most  opaque ;  whilst  lithium  whose  atomic  weight  is 
only  7,  and  which  will  readily  float  on  water,  is  exceed¬ 
ingly  transparent.  In  fact  I  have  never  yet  got  a  good 
shadow  from  lithium.  This  relation  extends  not  only  to 
the  metals  themselves  but  to  their  compounds.  Thus 
the  chloride  of  lithium  is  more  transparent  than  the 
chloride  of  zinc  or  than  the  chloride  of  silver.  Finding 
that  the  denser  constituents  were  the  more  opaque,  and 


that  while  glass  and  stone  are  tolerably  opaque  such 
substances  as  gelatine  and  leather  were  comparatively 
transparent,  it  occurred  to  Rontgen  that  bone  would  be 
more  opaque  than  flesh— and  so  it  proved  :  for  inter¬ 
posing  the  hand  between  the  tube  and  the  screen  we 
find  that  while  the  flesh  casts  a  faint  shadow  the  bones 
cast  a  much  darker  one,  and  so  we  are  able  to  see  upon 
the  luminescent  screen,  in  the  darkness,  tb^s^adow  of 
the  bones  of  the  hand,  and  of  the  arm.^vbis  is  truly 
seeing  the  invisible.  A 

But  now  the  investigation  took^^tber  turn.  So  far 
there  has  been  no  mention  of-dC^itography.  But  the 
peculiar  penetrative  light  living  been  discovered,  and 
the  shadows  having  been  s<pN>n  the  luminescent  screen, 
it  was  a  pretty  obviom0tep  to  register  these  shadows 
photographically.  v £$)  as  was  already  well  known  in 
the  case  of  ultraviolet  light,  the  rays  that  stimulate 
fluorescence  ^n)r  phosphorescence  are  just  those  rays 
which  are  dJapst  active  chemically  and  photographically. 
Hence  (t^as  to  be  expected  that  these  new  rays  would 
photographic  plate.  This  Rontgen  proceeded 
terrify.  He  obtained  a  photograph  of  a  set  of  metal 
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weights  that  were  shut  up  in  a  wooden  box.  Also  of  a 
compass,  showing  the  needle  and  dial  through  the  thin 
brass  cover.  He  then  put  his  tube  under  a  wooden- 
topped  table ;  and  laying  his  hand  on  the  table  above 
it,  and  poising  over  it  a  photographic  dry-plate,  face 
downwards,  he  threw  upon  the  plate,  by  light  which 
passed  upwards  through  the  table  top,  a  shadow  of  his 
hand.  So  for  the  first  time  he  succeeded  in  photograph¬ 
ing  the  bones  of  a  living  hand.  It  was  the  photography 
of  the  invisible.  But,  note,  even  here  there  is  no  “new 
photography.”  The  only  photography  in  the  matter  is 
the  well-known  old  photography  of  the  dry-plate,  which 
must  first  be  exposed  and  afterwards  developed  in  the 
dark-room. 

And  now,  though  it  anticipates  somewhat  the  course 
of  this  lecture,  since  the  process  of  photographic  develop¬ 
ment  in  the  dark-room  requires  a  little  time,  IX&lpro- 
ceed  to  take  a  few  photographs  which  will  thaadie  taken 
to  the  dark-room  to  be  developed,  and  va&^afterwards 
be  brought  back  and  shown  you  up^sSime  screen  by 
means  of  the  lantern. 

[In  the  experiments  which  folre^ved  photographs  were 
taken  of  the  hands  of  a  boy  ancKof  a  girl,  also  shadows 
cast  by  sundry  gems,  inclikiWjg  a  fine  Burmese  ruby,  a 
sham  ruby,  a  Cape  dkn»@af'and  an  Indian  diamond.] 

Retracing  our  step^yh  the  order  of  discovery  I  must 
at  once  take  you\J^ck,  nearly  two  hundred  years,  to 
the  time  of  Ej^ipcis  Hauksbee,  when,  with  the  newly 
invented  ekuQk:  machine,  and  the  newly  perfected  air- 
pump,  t<tt^yVrst  experiments  were  made  on  the  peculiar 
light  oromiced  by  passing  an  electric  spark  into  a  partial 
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vacuum.  About  that  time  Europe  was  nearly  as  much 
excited — considering  the  state  of  knowledge  and  the 
slow  means  of  communication — over  the  “  mercurial 
phosphorus,”  as  it  was  last  year  over  the  Rontgen  rays. 
This  “  mercurial  phosphorus  ”  was  simply  a  little  glass 
tube,  such  as  that  (Fig.  130)  which  I  hold  in  my  hand. 
It  contains  a  few  drops  of  quicksilver ;  and  the  air  that 
otherwise  would  fill  the  tube  has  been  mostly  pumped 
out  by  an  air-pump,  leaving  a  partial  vacuum.  I  have 
but  to  shake  the  tube  and  it  flashes  brightly  with  a 
greenish  light.  The  friction  of  the  mercury  against  the 
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at  which  the  electric  discharge  is  leaving  the  tube.  The 
pale  glow  of  this  primitive  vacuum  tube  is  rich  in  light 
of  the  ultra-violet  kind,  which,  as  you  know,  readily 
excites  fluorescence.  I  have  but  to  hold  near  it  my 
platino-cyanide  screen  for  you  to  observe  the  rich  green 
fluorescence.  My  hand  will  cast  a  shadow  on  the  screen 
if  I  interpose  it,,  but  there  are  no  bones  to  be  seen  in 
the  shadow.  For  here  there  is  none  of  the  penetrative 
Rontgen  light :  the  fluorescence  is  due  to  ordinary  ultra¬ 
violet  waves,  to  which  flesh  and  cardboard  are  quite 
opaque.  If  the  tap  is  turned  on  to  readmit  the  air  you 
see  how  the  rosy  glow  contracts  first  into  a  narrowing 
band,  then  into  a  mere  line,  which  finally  changes  into 
a  flickering  forked  spark  of  miniature  lightning ;  and  all 
is  over  until  and  unless  we  pump  out  the  air  again. 
Another  beautiful  effect  is  shown  by  use  of  an  exhausted 
glass  jar,  within  which  is  placed  a  cup  of  uraniul^Jghlss, 
as  described  fifty  years  ago  by  Gassiot.  Tho>«£Jcharge 
overflows  the  cup  in  lovely  streams  of  js&Jkt  colour, 
while  the  cup  itself  glows  with  vivid  groSvnuorescence. 
Some  thirty  years  ago  vacuum  tube£T\e$ame  an  article 
of  commerce,  and  were  made  ii^many  complex  and 
beautiful  shapes  by  the  skill  ofO)r.  Geissler  of  Bonn, 
who  devised  a  form  of  mero«M  air-pump  1  for  the  pur¬ 
pose  of  extracting  the  <oiJ0ji*©re  perfectly;  though  the 
degree  of  vacuum,  wfriVR  sufficed  to  display  the  most 
brilliant  colours  whS^Jtimulated  by  an  electric  discharge, 
is  far  short  of4  which  is  requisite  in  the  modern 

1  See  monograph  on  The  Development  of  the  Mer 

a  1  rial  At&wnp,  published  in  1888,  by  Messrs.  E.  and  F.  N. 
Spon.  4  > 
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vacuum  tubes  of  which  I  must  presently  speak.  Here 
is  a  Geissler’s  tube  showing  wondrous  effects  when  the 
spark  discharge  is  passed  into  it.  Strange  flickering 
striations  palpitate  along  the  windings  of  the  glass  tubes 
which  themselves  glow  with  characteristic  fluorescence. 
Soda -glass  fluoresces  with  the  golden -green  tint,  lead 
glass  with  a  fine  blue,  and  uranium  glass  with  a  brilliant 
green.  The  violet  glow  which  appears  in  the  bulb  at 
one  end  of  the  tube  surrounds  the  metal  terminal  by 
which  the  current  leaves  the  tube,  and  is  itself  due  to 
nitrogen  in  the  residual  air.  Each  kind  of  gas  gives  its 
own  characteristic  tint.  And  with  any  kind  of  gas  within 


or  place  where  the  elecJriScurrent  enters,  another  wire  k 
to  serve  as  kathode  (Wpice  where  the  current  makes  its 
exit  from  the  tu  ^Both  anode  and  kathode  are  tipped 


with  alumirutn^yas  this  metal  does  not  volatilise  so 
readily  undk^Ahe  electric  discharge.  The  small  side- 


CT  iar 


JvTich  the  tube  was  attached  to  the  pump 
laustion  is  hermetically  sealed  to  prevent  air 


tube  j 


►e-entering.  The  first  tube  of  the  set  is  full  of  air 


^ordinary  pressure,  and  does  not  light  up  at  all.  The 
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length  between  anode  and  kathode  (about  12  inches)  is 
so  great  that  no  spark  will  jump  between  them.  In  the 
second  tube  the  air  has  been  so  far  pumped  away  that 
only  about  ^  of  the  original  air  remains.  Across  this 
imperfect  vacuum  forked  brush-like  bluish  sparks  dart. 
The  third  tube  has  been  exhausted  to  about  yfr  part ; 
that  is  to  say,  %%  of  the  air  have  been  removed.  It 
shows,  instead  of  the  darting  sparks,  a  single  thin  red 
line,  which  is  flexible  like  a  luminous  thread.  In  the 
fourth  tube  the  residual  air  is  reduced  to  -^0  or  -5V 
part ;  and  you  note  that  the  red  line  has  widened  out 
into  a  luminous  band  from  pole  to  pole,  while  a  violet 
mantle  makes  its  appearance  at  each  end,  though  brighter 
at  the  kathode.  In  the  fifth  tube,  where  the  exhaustion 
has  been  carried  to  about  -50^,  the  luminous  column, 
which  fills  the  tube  from  side  to  side,  has  broken  up 
into  a  number  of  transverse  striations  which  flictaSq>nd 
dance ;  the  violet  mantle  around  the  kathodo^O  grown 
larger  and  more  distinct.  It  has  separate^Okself  by  a 
dark  space  from  the  flickering  red  coluAorand  is  itself 
separated  from  the  metal  kathode^Bj^i  narrow  dark 
space.  The  degree  of  exhaustiot^has  been  carried  in 
the  sixth  tube  to  about  Xo  Old  now  the  flickering 
striations  have  changed  bofchMhape  and  colour.  They 
are  fewer,  and  whiter.  light  at  the  anode  has 

dwindled  to  a  mere  sljfcyrwhilst  the  violet  glow  around 
the  kathode  has  e^^nded,  and  now  fills  the  whole  of 
that  end  of  the^Jpe.  The  dark  space  between  it  and 
the  metal  kadjJje  has  grown  wider,  and  now  the  kathode 
itself  exhJtfi^an  inner  mantle  of  a  foxy  colour,  making 
it  seem,  txvbe  dull  and  hot.  The  glass,  also,  of  the  tube 
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shows  a  tendency  to  emit  a  green  fluorescent  light  at  the 
kathode  end.  In  the  seventh  tube  the  exhaustion  has 
been  pushed  still  farther,  only  about  5-0  o  oo~  part  of  the 
original  air  being  left.  The  luminous  column  has  sub¬ 
sided  into  a  few  greyish-white  nebulous  patches.  The 
dark  space  around  the  kathode  has  much  expanded, 
and  the  glass  of  the  tube  exhibits  a  yellow-green  fluor¬ 
escence.  In  the  eighth  tube  only  one  or  two  millionths 
of  the  original  air  are  present ;  and  it  is  now  found  much 
more  difficult  to  pass  a  spark  through  the  tube.  All  the 
internal  flickering  clouds  and  striations  in  the  residual 
gas  have  disappeared.  The  tube  looks  as  if  it  were  quite 
empty :  but  the  glass  walls  shine  brightly  with  the  fine 
golden -green  fluorescence,  particularly  all  around  the 
kathode.  If  we  had  pushed  the  exhaustion  still  farther, 
the  internal  resistance  would  have  increased  so  much 
that  the  spark  from  the  induction  coil  w&yjd  have  been 
unable  to  penetrate  across  the  spac^rom  anode  to 
kathode.  pN 

To  attain  such  high  degrees  <^>e£naustion  as  those  of 
the  latter  few  tubes  recourse^m^  be  had  to  mercurial 
air-pumps ;  no  mechanicalX^mp  being  adequate  to  pro¬ 
duce  sufficiently  perfect  Wcua.  The  Sprengel  pump, 
invented  in  1865  by  Q^Iermann  Sprengel,  is  an  admir¬ 
able  instrument^Gd2ft  ire  purpose.  But  it  was  modified 
and  greatly  Jn(j3yoved 1  about  1874  by  Mr.  Crookes, 

1  These  hnptwements  comprised  the  following  : — A  method  of 
lowering  te^hpply- vessel  to  refill  it  with  the  mercury  that  had  run 
throug  pump ;  the  use  of  taps  made  wholly  of  platinum  to 

en^e^htness  ;  the  use  of  a  spark-gauge  to  test  the  perfection  of 
t^e^muum  by  observing  the  nature  of  an  electric  spark  in  it ;  the 
ys^of  an  air-trap  in  the  tube  leading  up  to  the  pump-head  ;  the 
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whose  form  of  pump  is  shown  in  Fig.  132.  Mercury  is 
placed  in  a  supply- 
vessel,  which  can  be 
raised  to  drive  the 
mercury  through  the 
pump,  and  lowered, 
when  empty,  to  be 
refilled.  This  vessel 
is  connected  by  a 
flexible  indiarubber 
tube  to  the  pump, 
which  consists  of 
glass-tubes  fused  to¬ 
gether.  From  the 
pump-head  the  mer¬ 
cury  falls  in  drops 
down  a  narrower 
tube,  called  the  fall- 
tube,  and  each  drop 
as  it  falls  acts  as  a 
little  piston  to  push 
the  air  in  front  of  it, 
and  so  gradually  to 
empty  the  space  in 
the  farther  part  of  the  tu^g^i  drying-tube,  filled  with 

method  of  connecting  th^T^C^  with  the  object  to  be  exhausted,  by 
means  of  a  thin,  flexible,  spiral  glass  tube  ;  the  method  of  cleansing 
the  fall-tube  by  lettkufwi  a  little  strong  sulphuric  acid  through  a 
stoppered  valve  in /fy  head  of  the  pump.  In  carrying  out  these 
developments  MOSrookes  was  assisted  by  the  late  Mr.  C.  Giming- 
ham,  whose^^^  contributions  to  the  subject  are  described  in  the 
author’s  monograph  on  the  Mercurial  Air-pump. 
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phosphoric  acid  to  absorb  moisture,  is  interposed  between 
the  pump  and  the  vacuum-tube  that  is  to  be  exhausted. 
It  is  usual  to  add  a  barometric  gauge  to  show  the  degree 
of  vacuum  that  has  been  reached. 

Before  you,  fixed  against  the  wall,  is  a  mercury-pump 
substantially  like  Fig.  132,  but  having  three  fall-tubes 
instead  of  one,  so  as  to  work  more  rapidly.  Through 
these  fall-tubes  mercury  is  dropping  freely ;  the  pump 
being  at  the  present  moment  employed  in  the  exhaustion 
of  a  Crookes’s  tube,  which  has  been  sealed  to  it  by  a 
narrow  glass  tube.  When  the  exhaustion  has  been 
carried  far  enough,  this  narrow  pipe  will  be  melted  with 
a  blow-pipe,  so  as  to  seal  up  the  tube  and  enable  it  to 
be  removed  from  the  pump. 

It  was  with  such  a  pump  as  this  that  Crookes  was 
working  from  1874  to  1875  in  the  memoraj^fe  researches 
on  the  repulsion  caused  by  radiation,  culminated 

in  the  invention  of  that  exceedingly^Jmtiful  apparatus 
the  radiometer,  or  light-mill,  whicbpp  were  using  in  my 
last  lecture.  From  that  series  ^Wesearches  Mr.  Crookes 
was  led  on  to  another  upoQ^e*phenomena  of  electric 
discharge  in  high  vacua^oJProfessor  Hittorf  of  Munster 
had  already  done  sonre  excellent  work  in  this  direction. 
He  had  noted  the  ^Rien-green  fluorescence  around  the 
kathode  wher*>M&  exhaustion  was  pushed  to  a  high 
degree;  and  ©had  found  that  this  golden  glow,  unlike 
the  luminal  column  which  at  a  lower  exhaustion  fills 
the  vastus  tube,  refuses  to  go  round  a  corner.  He 
hfi^x^n  f°und  that  it  could  cast  shadows,  owing  to  its 
^^pagation  in  straight  lines. 

Starting  at  this  point  on  his  famous  research,  Crookes 
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investigated  the  properties  of  this  kathode  light,  and 
found  it  to  differ  entirely  from  any  known  kind  of  radia¬ 
tion.  It  appeared  to  start  off  from  the  surface  of  the 
kathode  and  to  move  in  straight  lines,  penetrating  to  a 
definite  distance,  the  limit  of  which  was  marked  by  the 
termination  of  the  “  dark  space,”  according  to  the 
degree  of  exhaustion,  and  causing  the  bright  fluorescence 
when  the  exhaustion  was  carried  so  far  that  the  dark 
space  expanded  to  touch  the  walls.  Acting  on  this  hint 
he  proceeded  to  construct  tubes  in  which  the  kathode, 
instead  of  being  as  previously  a  simple  wire,  was 


•  k.  r  - 


Figs.  134,  135. 


v 

shaped  as  a  flat  disk,  or  as  a  cup  (Figs.  134,  13  iwj^Krom 
the  flat  disk  the  kathode  rays  streamed  bade&u-ds  in  a 
parallel  beam.  Crookes  regarded  these  lra&*ode  streams 
as  flights  of  negatively-electrified  moires  shot  back¬ 
wards  from  the  metal  surface.  Doubtless  such  flying 
molecules  of  residual  gas  there^Are^  and  they  take  part 
in  the  phenomenon  of  dischai^voombarding  against  the 
opposite  wall  of  the  tuba^jOf  Sere  are,  however,  strong 
reasons  for  thinkin  the  kathode  rays  are  not 

merely  flights  of  ‘^acmnt  matter,”  but  that  the  flying 
molecules  are  accompanied  by  ether-waves  or  ether- 
motions  whioh^\tlse  the  fluorescence  on  the  walls  of  the 
tube.  Be^H^  as  it  may,  Crookes  found  the  kathode 
Ov 
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rays  to  be  possessed  of  several  remarkable  properties. 
Not  only  could  they  excite  fluorescence  and  phosphor¬ 
escence  to  a  degree  previously  unknown,  but  they 
exercised  a  mechanical  force  against  the  surfaces  on 
which  they  impinged.  They  cast  shadows  of  objects 
interposed  in  their  path ;  and  were  capable  of  being 
drawn  aside  by  the  influence  of  a  magnet,  just  as  if  they 
were  electric  currents. 

Here  are  some  Crookes’s  tubes  which  display  the 
luminescent  effects.  At  the  top  of  the  first  is  a  small 
flat  disk  of  aluminium  to  serve  as  kathode.  From  it 
shoots  downward  a  kathode-beam  upon  a  few  Burmese 
rubies  fixed  below.  They  glow  with  a  crimson  tint 
more  intense  than  if  they  had  been  red-hot.  In  a 
similar  tube  is  a  beautiful  phenakite,1  looking  like  a 
large  diamond.  When  exposed  to  the  kathode  rays 
it  luminesces  with  a  lovely  pale  blue  In  the 

third  is  placed  a  common  whelk  which  has 

been  lightly  calcined.  As  the  kqrt^oae  rays  stream 
down  upon  it  it  lights  up  brill<j^Qly.  And,  after  the 
electric  discharge  has  beeu^Oitched  off,  the  shell 
continues  for  some  minutes-/o  phosphoresce  with  a 
persistent  glow.  0^ 

In  the  next  tube,(2^hich  contains  a  sheet  of  mica 
painted  with  a  coaX©)sulphate  of  lime  so  that  you  may 
better  see  the  trace  of  its  luminescence,  a  narrow 

kathode  ra^iWldmitted  through  a  slit  at  the  bottom, 
and  extejjdsln  a  fine  bright  line  upwards.  Holding  a 

^^ecies  of  white  emerald  found  in  the  Siberian  emerald 
vand  often  sold  in  Russia  as  a  Siberian  diamond.  It  is  not 
filliant  as  a  diamond,  though  much  more  rarely  met  with. 
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magnet  near  it,  I  draw  the  kathode  ray  on  one  side, 
illustrating  its  deflectibility. 

To  illustrate  the  mechanical  effect  of  the  kathode 
rays  I  take  a  Crookes’s  tube,  having  at  its  ends  flat 
disks  of  metal  as  electrodes.  Between  them  is  a  nicely- 
balanced  paddle-wheel,  the  axle  of  which  runs  upon  a 
sort  of  little  railway.  On  sending  the  spark  from  the 
induction-coil  through  the  tube  the  little  wheel  is  driven 
round  and  runs  along  the  rails.  Its  paddles  are  driven 
as  if  a  blast  issued  from  the  disk  which  serves  as  kathode. 
On  reversing  the  current  its  motion  is  reversed. 

Here  (Fig.  136)  is  a  Crookes’s  tube  of  a  pear  shape, 
having  a  piece  of  sheet- 
metal  in  the  form  of  a 
Maltese  cross  set  in  the 
path  of  the  kathode 
rays.  See  what  a  fine 
shadow  the  cross  casts 
against  the  broad  end 
of  the  tube ;  for  the 
whole  end  of  the  tube 
glows  with  the  characteristic  golden-^re^K luminescence, 
except  where  it  is  shielded  from  rays  by  the  metal 
cross.  _  ^ 

With  this  tube  I  am  able  Qsnow  you  a  most  interest¬ 
ing  and  novel  experi  mA&fli!  ^covered  only  a  few  days 
ago  by  Professor  If  you  surround  the  tube 

with  a  magnetising  oaif  through  which  an  electric  current 
is  passed,  the  jra^netic  field  produces  a  remarkable 
effect  on  tl\e^sQ»aow.  Instead  of  pulling  it  on  one  side 
(as  a  hojj^ftoe  magnet  would  do),  the  magnetising 
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coil  causes  the  cross  to  rotate  on  itself,  and  at  the  same 
time  to  grow  smaller.  To  show  the  effect  more  con¬ 
veniently  I  have  put  the  magnetising  coil  not  around 
the  tube  itself,  but  around  an  iron  core  beyond  the  end 
of  the  tube.  So  I  am  able  to  diminish  or  augment  the 
effect  by  simply  moving  the  tube  away  from  the  iron 
core,  or  by  bringing  it  nearer.  As  I  move  it  up,  the 
shadow  of  the  cross  contracts,  and  grows  smaller  but 
brighter.  It  also  twists  round  and  turns  completely  over 
top  for  bottom  as  it  vanishes  into  a  mere  point.  But 
just  as  it  vanishes  you  see  its  place  taken  by  a  second 
large  shadow,  which,  as  I  push  the  tube  still  closer  to 
the  magnetised  core,  grows  brighter  and  also  turns 
round  and  contracts  as  its  predecessor  did.  Its  arms 
are  more  curved  than  those  of  the  first  cross.  At  the 
same  moment  when  the  second  shadow-cross  appears  a 
third  shadow  makes  its  appearance  as£*k  distorted 
annular  form  against  the  walls  of  the  raj^between  the 
metal  cross  and  the  kathode.  Its  p^Jk)n  is  such  that 
the  shadow  seems  to  have  been  c^Jis  by  rays  diverging 
from  the  other  end  of  the  As  yet  we  know  not 

the  explanation  of  these  r^mSu;lfable  facts. 

The  last  tube  of  thiQ^t  that  illustrates  Crookes’s 
researches  has  as  l^gjhode  a  large  hollow  cup  of 
aluminium  at  th^O)tom  (Fig.  137).  This  concave 
kathode  focuse^cTe  kathode  rays  by  converging  them 
to  a  point  i/Tsperce  a  little  above  the  centre  of  the  tube. 
Crookes  found  that  if  the  kathode  rays  were  in  this  way 
focuse^ytfpon  anything,  they  produced  great  heat. 
/>vas  melted,  diamonds  charred,  platinum  foil 
ted  red-hot  and  even  fused  by  the  impact  of  the 
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concentrated  kathode  stream.  In  the  focusing- tube 
now  before  you — an  old  one,  made  more  than  ten  years 
ago — there  is  a  piece  of  thin  platinum  foil  hung  in  the 
tube  to  be  heated  by  the  rays.  But  it  has  become  dis¬ 
placed  and  no  longer  hangs  in  the  focus.  Yet  by  hold¬ 
ing  a  small  horse -shoe  magnet  outside  the  tube  to 
deflect  the  rays  a  little,  I  can  displace  the  focus  until  it 


falls  upon  the  surface  of  the  plQnum  foil,  which  you 
now  see  is  raised  to  a  bright^® heat. 

Since  the  date,  now^Nnj^Jrly  twenty  years  ago,  when 
these  most  beautiful  arfjyastonishing  observations  were 
made  by  Crookes,  tKgjfe  has  been  much  speculation  as 
to  the  nature  of ^Jj£se  interior  kathode  rays ;  their  pro¬ 
perties  were  ^Extraordinarily  different  from  anything 
in  the  na^jfc^vbf  ordinary  light  that  even  the  name  “  ray” 


A 
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as  applied  to  them  seemed  out  of  place.  Crookes’s  own 
term,  “  radiant  matter,”  was  objected  to  as  necessarily 
implying  their  material  nature;  and  yet  no  other  ex¬ 
planation  of  them  seemed  reasonable  than  Crookes’s 
own  suggestion  that  they  consisted  of  flights  of  electri¬ 
fied  particles.  It  was  supposed  that  they  could  only 
exist  in  a  vacuum  tube  under  an  exceedingly  high  con¬ 
dition  of  exhaustion. 

However  in  1894  Dr.  Philipp  Lenard,  acting  on  a 
hint  afforded  by  an  observation  of  Professor  Hertz 1 


f 


<6 


lys  into  the 


air  at  ordinary  pressure.  For  this  p^jjhse  he  fitted  up 
a  tube  with  a  small  window  ol^Sn  aluminium  foil 
opposite  the  kathode,  as  sksdQ  in  Fig.  138.  The 
general  form  of  tube  was  {thV^ame  as  that  previously 
used  by  Hertz,  namely,  c^drical,  with  a  small  kathode 
disk  on  the  end  of  a  c(@ral  wire,  protected  by  an  inner 
glass  tube.  The  was  a  cylindrical  metal  tube 

surrounding  thejs^vnode.  Upon  the  further  end  of  the 

1  Hertz  not^ec])that  when  a  very  thin  metal  film  was  interposed 
inside  the4C^kes  tube,  the  glass  still  fluoresced  under  the  kathode 
found  this  still  to  be  the  case  when  the  film  was 
a  piece  of  thin  aluminium  foil  which  was  quite  opaque 
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tube  was  cemented  a  brass  cap,  having  at  its  middle  a 
small  hole  covered  with  aluminium  foil  yo^nr^-  inch 
thick.  Through  this  “  window,”  when  the  tube  was 
highly  exhausted,  there  came  out  into  the  open  air  rays 
which,  if  not  actual  prolongations  of  the  kathode  rays, 
are  closely  identified  with  them.  They  can  be  deflected 
by  a  magnet — though  in  varying  degrees  depending  on 
the  internal  vacuum.  They  can  excite  luminescence. 
Lenard  explored  them  by  using  a  small  luminescent 
screen  of  paper  covered  with  a  chemical  called  penta- 
decylparatolylketone.  He  found  them  to  be  capable  of 
affecting  a  photographic  dry-plate ;  and  studied  both  by 
the  luminescent  screen  and  by  the  photographic  plate 
their  power  of  penetrating  materials.  He  found  that 
air  at  ordinary  pressure  was  not  very  transparent,  acting 
toward  them  as  a  turbid  medium.  He  found  them  to 
pass  through  thin  sheets  of  aluminium  and^e^e^  of 
copper.  He  also  caused  them  to  affect  a  photographic 
plate  that  was  completely  enclosed  in  a^lpHuminium 
case,  and  to  discharge  an  electroscopj^Oiclosed  in  a 
metal  box.  All  this  work  was  doneC©  1894  and  1895 
and  duly  published.  Though  it  ^xcWd  no  public  notice, 
it  was  regarded  by  physicists  as  #  ery  great  importance. 

As  you  were  told  at  theJ0ginning  in  Rontgen’s  own 
account  of  the  matter^4w)  research  began  with  the 
deliberate  aim  of  rejjwfetigating  the  problem  of  the 
emission  of  kath/cle^-ays  from  the  vacuum  tube  as 
studied  by  HerU  anct  Lenard.  So  as  Lenard  had  done, 
he  employed^sNmminescent  screen  to  explore  the  rays, 
and  use<^(^Src 
resemb* 


.'Q 


A 


^v^rookes  tube  (Fig.  139)  of  a  form  closely 
Lenard’s,  and  indeed  identical  with  that 
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previously  employed  by  Hertz.  The  end  opposite  the 
kathode  was  simply  of  glass,  without  any  brass  cap  or 
aluminium  window.  Thus  prepared  he  found  what  I 
have  already  described,  those  mysterious  rays  which 
with  characteristic  modesty  he  described  as  “  X-rays,” 
but  which  will  always  be  best  known  as  Rontgen’s  rays. 
They  are  not  kathode  rays,  though  caused  by  them. 
Kathode  rays  will  not  pass  through  glass,  and  are  de¬ 
flected  by  a  magnet.  Rontgen  rays  will  pass  through 
glass  and  are  not  deflected  by  a  magnet.  They  seem 
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the  same  thing  as  Lenard’s  rays ;  for  the  latter  are  in 
various  degrees  deflectible  by  the  magnet ;  and  air  is 
toward  them  relatively  much  more  opaque  than  it  is  for 
Rdntgen’s  rays.  Rbntgen  seems  to  have  been  fortunate 
in  having  the  means  of  producing  the  most  perfect 
exhaustion  by  his  vacuum  pump :  for  on  the  perfection 
of  the  vacuum  more  than  on  any  other  detail  does  the 
successful  production  of  the  Rontgen  rays  depend.  The 
vacuum,  which  is  abundantly  good  enough  to  evoke 
luminescence,  or  to  show  the  shadow  of  the  cross,  or  to 
produce  the  heating  at  the  focus,  or  to  drive  the  “  mole¬ 
cule  mill,”  does  not  suffice  to  generate  the  Rontgen 
rays.  For  this  last  purpose  the  exhaustion  must  be 
carried  to  a  higher  point — to  a  point  so  high  indeed 
that  the  tube  is  on  the  verge  of  becoming  non-con- 
ductive.  SS** 

Rontgen  rays  from  polished  petals,  particularly  frojn^fnc,  just  as 
there  is  diffuse  reflexion  of  ordinary  light  from  wfrCNpaper.  As  to 
refraction,  Perrin  in  Paris,  and  Winkehnanrt^iC^ena,  have  inde¬ 
pendently  found  what  they  think  evidgn^yof  feeble  refraction 
through  aluminium  prisms.  But  the  deviation  (which  is  towards 
the  refracting  edge)  is  so  excessivelyfemall  as  to  be  scarcely  dis¬ 
tinguishable  from  mere  instrumentaQjrors.  Polarisation  has  been 
looked  for  by  many  skilled  obseig^rs,  using  many  materials  includ¬ 
ing  tourmalines.  Only  one  rf^Jress  has  been  alleged,  by  MM. 
Galitzine  and  KarnojitzW,^Jr5«f  tourmaline  ;  but  their  result  has 
not  been  confirmed  andjV^robably  erroneous.  Neither  has  inter¬ 
ference  of  Rontgen  ii^ntjyet  been  shown  to  be  possible.  Several 
observers  have  profcsggfl  that  they  have  obtained  diffraction  fringes 
from  which  the  e-length  of  the  Rontgen  rays  could  be  measured. 
But  some  of  titfcp  measurements  show  a  wave-length  greater  than 
that  of  retMlgm,  and  others  less  than  that  of  ordinary  ultra-violet : 
they  m^j^Jbably  all  due  to  some  unnoticed  source  of  error.  None 
of  theiS^an  be  accepted  without  subsequent  confirmation  by  other 
cxm&menters,  and  this  is  not  yet  forthcoming. 
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Here  let  me  say  a  word  about  the  man  himself  and 
his  material  surroundings.  Still  in  the  prime  of  life,  at 
the  age  of  fifty-one,  Professor  Wilhelm  Konrad  Rontgen 
had  already  made  himself  a  name  among  physicists  by  his 
work  in  optics  and  electricity  before  the  date  of  the  bril¬ 
liant  discovery  that  gave  him  wider  fame.  He  occupies 
the  chair  of  Physics  in  the  University  of  Wurzburg  in 
Bavaria,  and  lives  and  works  in  the  physical  laboratory 
of  the  University.  The  little  town  of  Wurzburg,  of 
61,000  inhabitants,  boasts  a  university  frequented  by 
1490  students,  and  supported  with  an  income  of  ^41,000 
a  year,  of  which  more  than  half  is  contributed  by  the 
State.  There  are  53  professors  and  40  assistants.  Its 
buildings  comprise  a  group  of  laboratories  and  insti¬ 
tutes  devoted  to  chemistry,  physiology,  pathology, 
mineralogy,  and  the  like.  Its  physical  laboratory,  a 
neat  detached  block  of  buildings,  wherein  iiijfcihe  pro¬ 
fessor  has  his  residence,  is  of  modem^&esign.  Its 
equipment  for  the  purpose  of  resarah  is  infinitely 
better  than  that  of  the  University  olSondon ; 1  and  it  is 

3  From  a  Report  recently  presen t^^o^the  Convocation  of  the 
University  of  London,  it  appears  i^at  the  physical  and  chemical 
laboratories  of  the  University  are  Qictically  non-existent.  “  There 
are  three  rooms  at  BurlingtofpHouse  which  are  occasionally  used 
as  laboratories  during  examjKafions,  and  for  examinational  purposes 
only.  The  largest  of  ^  tkd0is*$  .  large  hall  lit  from  the  top.  When 
used  as  a  chemical  lal&$fctory,  it  is  fitted  up  with  working  benches 
down  the  middl/T along  the  two  sides,  the  benches  being 
divided  into  scmarcrte  stalls  to  isolate  candidates  in  their  work.  It 
was  stated  tR^MJte  middle  stalls  and  benches  are  taken  down  when 
the  hall  is  for  written  examinations,  and  are  re-erected  when  a 
chemi^vftxfe-mination  is  to  be  held.  In  a  second  hall,  also  lighted 
fronOQWVe,  where  frequent  written  examinations  are  held,  tem- 
pofcuxarrangements  are  made  whenever  an  examination  in  practical 
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expected  of  the  professor  that  he  shall  contribute  to  the 
advancement  of  science  by  original  investigations.  With 
such  material  and  intellectual  encouragements  to  research 
as  surround  the  university  professor  in  even  the  smallest 
of  universities  in  Germany,  what  wonder  that  advances 
are  made  in  science  ?  Would  that  a  like  stimulus  were 
existent  in  England.  The  Professor  of  Physics  in  the 
University  of  London  has  made  no  discovery  like  that 
of  Professor  Rontgen,  for  the  very  good  reason  that  the 
University  of  London  has  neither  appointed  any  Pro¬ 
fessor  of  Physics,  nor  built  any  physical  laboratory  where 
he  might  work.  Neither  the  State  nor  the  municipality 
has  provided  it  with  the  necessary  funds.  Its  charter 


physics  is  to  be  held.  A  curtain  of  black  cloth  slung  across  one  end 
of  the  room  gave  partial  obscurity  over  the  tables  where  photo¬ 
metric  and  spectroscopic  apparatus  was  placed.  The  third  room, 
sometimes  called  the  galvanometer  room,  is  a  smaller  room  klvjhe 
basement,  artificially  lighted,  and  used  chiefly  for  printinaO^cept 
at  the  times  of  examinations  in  practical  physics.”  SmSt/is  the 
melancholy  state  of  things  in  a  University  where  evenjftmg  is  sacri¬ 
ficed  on  the  altar  of  competitive  examinations.  ^ . 

Bavaria  has  a  population  of  6,000,000.  Ifc^sAports  the  three 
Universities  of  Munich,  Erlangen,  and  Wur\bu) with  a  total  of 
over  6000  students,  at  a  cost  of  ,£150,000  Hvear,  of  which  £93,000 
is  provided  by  the  State.  London,  with  ^population  of  5,000,000, 
has  the  University  of  London,  a  nunj^^xamining  Board,  to  which 
come  up  for  intermediate  and  degree  \x)taninations  about  2000  students 
yearly,  of  whom  a  large  prop^K&&are  from  the  provinces.  It  has 
no  professors.  Its  laborator^vkre  in  the  deplorable  position  above 
mentioned.  So  far  from^eijig  endowed  by  the  State,  it  pays  in  to 
the  State  about  £i6-5ooa  year,  and  nominally  receives  back 
about  £16,280  as  a  j^Simentary  grant.  It  receives  no  subvention 
from  the  municipHAly.  Its  library  is  closed  for  a  large  portion  of 
the  year,  th^Vfa^m  being  used  for  examination  purposes  almost 
every  day. 
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precludes  it  from  doing  anything  for  science  except  hold 
examinations  !  Perhaps  some  day  London  may  have  a 
university  worthy  of  being  mentioned  beside  that  of 
Wurzburg,  which  is  eleventh  only  in  size  amongst  the 
universities  of  Germany. 

Rontgen  had  so  thoroughly  explored  the  properties 
of  the  new  rays  by  the  time  when  his  discovery  was 
announced,  that  there  remained  little  for  others  to 
do  beyond  elaborating  his  work.  One  point  deserves 
notice ;  namely,  the  improvement  of  the  tubes.  Rontgen 
held  the  view  that  his  rays  originated  at  the  fluorescent 
spot  where  the  kathode  rays  struck  the  glass.  This  led 
some  persons  to  the  idea  that  fluorescence  was  advan¬ 
tageous.  Several  workers,  however,  discovered  about 
the  same  time  that  if  the  kathode  rays  were  focused 
upon  a  piece  of  metal  the  emission  of  R^\tgen  light 
became  more  copious.  When  study]  ng^&Jgd/  last  year 
the  conditions  under  which  the  rays^rorc  produced,  I 
found  that  the  best  radiators  are  ^festances  which  do 
not  fluoresce— namely,  metals.  Wysrnd  zinc,  magnesium, 
aluminium,  copper,  and  irorQfXnswer ;  but  platinum 
was  better  than  these,  and Lms^nium  best  of  all.  Directing 
the  kathode  discharge  a^amst  a  target  or  “  antikathode  ” 
of  platinum  fixed  in^©?  middle  of  the  tube,  I  carefully 
watched,  by  ai&XJ&t  luminescent  screen,  the  emissive 
activity  of  th  ■ace  during  the  process  of  exhaustion. 
After  the  stagfi^of  exhaustion  has  been  reached  at  which 
Crookes^^SRadows  are  produced,  one  must  go  on  further 
exhaus^Usg  before  any  trace  of  Rontgen  rays  appear. 

luminosity  seems  to  come  (as  in  Fig.  141)  from 
iboHi  front  and  back  of  the  target  at  once ;  an  oblique 
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line,  corresponding  to  the  plane  of  the  “  antikathode  ” 
or  target  of  metal,  being  seen  on  the  screen  between 
two  partially  luminescent  regions.  On  continuing  the 
exhaustion,  the  light  behind  dies  out  while  that  in 
front  increases,  as  in  Fig.  142,  the  rays  being  emitted 
copiously  right  up  to  the  plane  of  the  antikathode.  This 


lateral  emission  is  quite  unl(|^  anything  in  the  emission 
or  reflexion  of  ordinary^jg«t,  and  has  to  be  accounted 
for  in  any  theory  o  p-tl© I  lontgen  rays.  I  have  myself 
observed1  that  witnm  the  tube  there  are  some  other 
rays  given  off  mN^similar  way,  along  with  the  Rontgen 
rays,  but  whi^lvlire  not  Rontgen  rays,  for  they  can  be 
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1  See  Electrician , 
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deflected  by  a  magnet,  and  more  nearly  resemble  the 
kathode  rays.  It  is  these  that  produce  on  the  glass 
wall  of  the  tube  a  well-marked  fluorescence  delimited 
(as  in  Fig.  142)  by  an  oblique  plane  corresponding  to 
the  delimitation  of  Rontgen  rays  seen  in  the  fluorescent 
screen.  The  tube  which  I  used  at  the  beginning  of 
this  lecture,  and  which  we  will  use  again  at  the  close 
of  the  lecture  to  show  you  your  own  bones,  is  of  the 
focus  type  (Fig.  143).  It  is  of  the  pattern  devised  by 


Mr.  Herbert  Jackson,  of  King’s  Col¬ 
lege.  The  concentration  of  the  kath¬ 
ode  rays  upon  the  little  target  of 
platinum  (which  often  becomes  red-hot) 
has  the  advantage  not  only  of  allowing 


a  more  copious  emission  of  Rontgen 


jr  rays  than  would  be  possibl^f  the  anti- 
kathodal  surface  wprp  Hjgg  glass  wall, 


but  also  of  causing^Qhe1  Rontgen  rays 
to  issue  from  aopnall  and  definite 
source  so  thaQfche  shadows  cast  by 
objects  ar^^more  sharply  defined. 
Here  wo  still  more  recent  tubes 
145)  constructed  for  me 
Bohm,  in  which  the  focus  prin- 


tharyhe  shadows  cast  by 
Li^Jmrore  sharply  defined. 


source 

objects 

Here 


lie7 is  preserved ;  but  in  which  there 


Fig.  143. 


Cj  is  the  improvement  that  the  anti¬ 


kathode  tW  not  used  also  as  an  anode.  It  is  an 
insulatg^Jarget  of  platinum,  while  the  anodes  are 
alynST^mm  rings  .through  which  the  cone  of  kathode 
^passes.  These  tubes  are  not  liable  to  blacken,  as 
le  case  with  tubes  in  which  the  antikathode  is  also 
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used  as  anode.  The  tube  (Fig.  145)  has  two  concave 
electrodes,  either  or  both  of  which  may  be  used  as 


Fig.  144. 


Fig.  145. 


kathode;  it  is  a  convert©)  form  for  those  cases  in 
which  an  alternating  cji^ent  is  employed. 

In  another  dirtfMsHfl  many  efforts  have  been  made 
at  improvement^oFThe  luminescent  screen.  At  first 
good  barium  /^jStino-cyanide  was  not  to  be  procured, 
and  hydrap^H  potassium  platino-cyanide  was  found  far 
superiof^«ut  the  good  barium  salt  now  procurable  is 
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quite  as  luminescent,  and  is  less  troublesome  to  manage. 
One  result  of  the  ignorance  which  at  first  prevailed  as 
to  the  real  origin  of  Rontgen’s  discovery  was  that 
various  experimenters  up  and  down  the  world  supposed 
themselves  to  have  invented  something  when  they  took 
to  using  fluorescent  screens.  One  man  puts  a  fluor¬ 
escent  screen  at  the  bottom  of  a  pasteboard  tube,  with 
a  peep-hole  lens  at  the  top,  and  calls  it  a  “ cryptoscope.” 
Another,  in  another  part  of  the  globe,  puts  a  fluorescent 
screen  at  the  bottom  of  a  nice  cardboard  box  furnished 
with  a  handle  and  a  flexible  aperture  to  fit  to  the  eyes, 
and  styles  it  a  “ fluorescope.”  Both  are  useful;  but 
the  only  invention  in  the  whole  thing  is  Rontgen  s. 

Within  a  few  days  of  the  publication  of  Rontgen’s 
discovery  another  effect,  however,  which  had  escaped 
Rontgen’s  scrutiny,  was  observed  by  several  independ¬ 
ent  observers.  It  had  been  known  for  sqeral  years 
that  when  ultra-violet  light  falls  upon  ftj^Qe^ectrically- 
charged  surface  it  will  cause  a  diseW^ification,  but 
only  if  the  surface  is  negatively  cte«^d.  Ultra-violet 
light  will  not  diselectrify  a  g^fcive  charge.1  But 
Rontgen  rays  are  found  to  r^o^vfce  a  diselectrification 
of  a  metal  surface  (in  air)Jfoether  the  charge  be  posi¬ 
tive  or  negative.  Here^s  Ti  convenient  arrangement  for 
exhibiting  the  expedj^nt.  An  electroscope  made  on 
Exner’s  plan  with^j^fee  leaves — the  central  one  a  stiff 
plate  of  met^jDN charged,  and  then  exposed  to  Ront- 

1  Ultra-t^©t  light  will  not  diselectrify  a  metal  surface  in  air 
unless  th^Vrface  is  negatively  charged.  I  have  observed  a  case, 
hoWjJkjh  which  a  positively- electrified  body  was  discharged  by 
tw^olet  light, 


ulf 


,  but  it  was  not  a  metal  surface,  nor  in  air, 


Fig.  147.  Fig.  148. 
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gen  light.  The  three  leaves  are  made  of  aluminium, 
aluminium  foil  being  better  than  leaf-gold  for  electro¬ 
scopes.  They  are  supported  within  a  thin 
flask  of  Bohemian  glass  entirely  enclosed, 
except  at  the  top,  in  a  mantle  of  trans¬ 
parent  metallic  gauze.  After  the  leaves 
have  been  charged — either  positively  by  a 
rod  of  rubbed  glass,  or  negatively  by  a  rod 
of  rubbed  celluloid — a  metal  cap  is  placed 
over  the  top  (Fig.  146). 

The  leaves,  being  thus  completely  sur¬ 
rounded  by  metal,  are  effectually  screened 
from  all  external  electrical  influences.  My  1 IG'  I46’ 
electroscope  is  now  charged.  To  enable  you  to  see 
the  effect  better,  a  beam  of  light  is  directed  upon  it, 
throwing  a  magnified  shadow  of  the  leaves  upoa^\he 
white  screen.  Then,  exposing  the  electroscM^ to 
Rontgen  light  from  a  focus  tube  situatecLramie  18 
inches  away,  you  see  the  leaves  at  once  closn&together, 
proving  the  diselectrification.  It  succetfdpwh ether  the 
charge  be  positive  or  negative  in  sii 

It  now  only  remains  for  me  t&spxhibit  to  you  the 
photographs  which  were  taken^jt  Tne  beginning  of  this 
lecture,  and  a  number  of  q0£rs  prepared  as  lantern- 
slides.  In  Figs.  147,  14&W  nave  the  hand  of  a  poor 
child  aged  thirteen-*  sQpatient  in  St.  Bartholomew’s 
Hospital.  She  was  Taught  to  my  laboratory  that  the 
deformities  of  hb^Efcmds  might  be  examined.  The  first 
of  the  two  was  insufficiently  exposed,  with  the 

result  th^fcSfee  bones  scarcely  show  through  the  flesh  at 
second  plate  was  over-exposed,  and  the  rays 
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have  penetrated  the  flesh  so  thoroughly  that  only  the 
bones  appear. 

Fig.  149  is  the  hand  of  a  child  of  eleven  years  old. 
In  a  child’s  hand  the  bones  are  not  yet  completely 
ossified,  their  ends  being  still  gelatinous  and  trans¬ 
parent,  so  that  there  seem  to  be  gaps  between  them. 
Compare  this  with  the  hand  of  a  full-grown  man,  and 
you  will  see  how  age  changes  the  aspect  of  the  bones. 

Fig.  150  is  the  hand  of  a  full-grown  woman.  You 
will  observe  in  the  case  of  the  lady’s  rings  that  the 
diamonds  are  transparent,  while  the  metal  portion 
casts  a  shadow  even  through  the  bones.  These  two 
photographs  were  taken  by  Mr.  J.  W.  Gifford,  of  Chard, 
an  early  and  most  successful  worker  with  Rontgen  rays. 

Fig.  151  is  the  hand  of  Lord  Kelvin,  and  shows 
traces  of  age,  and  of  a  tendency  to  rheumatic  deposits. 

Fig.  152  is  the  hand  of  Mr.  Crookes*jand  though 
a  knottier  hand,  shows  some  points^S^  resemblance 
with  that  of  Lord  Kelvin. 

Fig.  153  is  the  hand  of  Sir  J^j^ird  Webster.  The 
shadow  is  interesting  as  shc»n6|  not  only  an  athletic 
development,  but  as  revralk#  embedded  in  the  flesh 
between  the  thumb  an^the  first  finger,  two  small 
shot,  the  result  of  a  grtgjhot  wound  received  many  years 
previously.  This  /jMtograph  and  the  two  preceding 
are  from  the  aeMs  taken  by  Mr.  Campbell -Swinton, 
who  was  firs^r^England  to  put  into  practice  this  newest 
of  the  bla<3j  arts. 

By  courtesy  of  Mr.  Campbell-Swinton  I  am  also 
show  you  a  number  of  other  slides — the  hand 
o^V/Ord  Rayleigh;  the  hand  of  a  lady  with  a  needle 


Fig.  151. — Hand  of  Professor  Rt.  Hon.  Lord  Kelvin. 
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embedded  in  the  palm ;  a  hand  terribly  swollen  with  the 
gout;  a  foot,  showing  the  heel- bone  and  the  smaller 
bones  down  to  the  toes,  as  well  as  the  bones  in  the 
ankle ;  a  view  through  the  left  shoulder  of  a  young  lady, 
showing  her  ribs,  shoulder-blade,  and  collar-bone;  the 
torso  of  a  young  man,  showing  his  ribs,  and,  dimly,  his 
heart,  like  a  central  dark  shadow  with  a  triangular  apex 
pointing  down  toward  the  right,  that  is,  to  his  left  side ; 
lastly,  the  shadow  of  a  living  head,  showing  all  the 
vertebrae  of  the  neck. 

Here,  again,  is  the  shadow  of  a  newly -born  child, 
taken  by  Mr.  Sydney  Rowland.  Note  the  imperfect 
state  of  the  bones  in  the  hands. 

Passing  from  human  objects,  we  will  look  at  the 
shadows  of  a  few  animals.  These  are  a  chameleon, 
giving  a  clear  view  not  only  of  its  skeleton  but  of  the 
internal  organs ;  a  mouse ;  a  frog ;  and  some  fishes. 
The  next  slide  was  taken  from  an  Egyptian  muStfly  in 
its  wrappings.  Before  this  photograph  was  t^en  there 
was  some  dispute  as  to  whether  it  was  th^jQjummy  of  a 
cat  or  of  a  girl.  The  photographist©  the  question 
entirely  at  rest.  ^  v-/ 

Earlier  in  my  lecture  I  mention^yfaat  glass  is  tolerably 
opaque  to  these  rays.  Of  thisjgpu  have  a  proof  in  the 
next  photograph  (Fig.  iq^S^ich  represents  a  pair  of 
spectacles  photographecS^ynile  lying  in  their  case,  the 
covering  of  which,  ii^slmgreen,  shows  all  the  markings 
peculiar  to  the  ^Ig^lcs  skin,  with  which  the  case  was 
covered.  Thq^^ext  photograph  by  Mr.  Campbell- 
Swinton  en^Qk  you  to  read  the  contents  of  a  sealed 
letter  whin^Mie  received.  His  also  is  the  next  picture 
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(Fig.  155),  which  is  the  photographed  shadow  of  an 
aluminium  cigar-case,  containing  two  cigars.  And 
lastly  (Fig.  156),  I  exhibit  to 
you  a  photograph  of  two  ruby 
rings.  By  gaslight  the  gems 
of  one  are  not  distinguishable 
from  those  of  the  other;  and 
in  broad  daylight  it  would  take 
an  expert  to  pronounce  between 
them.  But  when  viewed  or 
photographed  by  Rontgen  light 
there  remains  no  manner  of 
doubt.  The  rubies  of  one  ring 
are  true  Burmese  rubies,  and 
they  appear  transparent.  The 
others  are  imitation  rubies 
made  of  ruby-coloured  glass,  and  appear  quife  opaque. 

You  will  have  noticed  that  I  have  i&Sken  of  these 
rays  as  “Rontgen  light.”  But  are  \^Q«?ally  justified  in 
calling  it  light  ?  It  is  invisible  to^^J^eyes ;  but  then  so 
also  is  ordinary  ultra-violet  liotoQ^  so  is  infra-red  light, 
and  Hertzian  light.  And  j^uk^are  other  kinds  of  light 


Fig.  156. 


ft? 


too,  amongst  them  one  d^Jpvered  during  last  year  by 
M.  Becquerel 1  and  njjgjplf,  which  are  invisible.  But  if 


& 


1  M.  Henri  BeccJ^6'(see  Comptes  Rendus ,  cxxii.  pp.  559,  790, 
etc.)  and  I  Philosophical  Magazine ,  July  1896,  p.  103) 

quite  independently  discovered  some  invisible  radiations  that  are 
emitted  by  gpanium  salts,  and  by  the  metal  uranium,  which  can 
affect  pho+^aphic  plates,  and  will  pass  through  a  sheet  of  alu- 
miniun^^of  cardboard.  But  they  are  not  the  same  as  Rontgen 
ra^jN^ce,  as  M.  Becquerel  has  shown,  they  can  be  reflected, 
refracted,  and  polarised.  They  also  produce  diselectrification. 
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the  Rontgen  light  can  be  neither  reflected  nor  refracted, 
neither  diffracted  nor  polarised,  what  reason  have  we 
for  calling  it  light  at  all  ?  In  fact,  direct  proof  that  it 
consists  of  transverse  waves  is  wanting.  Many  conjec¬ 
tures  have  been  formed  respecting  its  nature.  Rontgen 
himself  suggested  that  it  might  consist  of  longitudinal 
vibrations.  Others  have  suggested  ether  streams,  ether 
vortices,  or  even  streams  of  minute  corpuscles.  At  one 
time  the  notion  that  it  might  be  simply  an  extreme  kind 
of  ultra-violet  light  of  excessively  minute  wave-length 
was  favoured  by  physicists,  who  were  disposed  to  explain 
the  absence  of  refraction,  and  the  high  penetrative  power 
of  the  rays  upon  von  Helmholtz’s  theory  of  anomalous 
dispersion,  according  to  which  the  ultra-violet  spectrum 
at  the  extreme  end  ought  to  double  back  on  itself. 

The  most  probable  suggestion  yet  made,  and  the  only 
one  that  seems  to  account  for  the  strange  lateral  emission 
of  the  rays  right  up  to  the  plane  of  the  antikatho&^Vsee 
Fig.  142,  p.  265),  is  that  of  Sir  George  Stokes-r^bkes’s 
view  is  that  while  all  ordinary  light  consisfcsSof  trains 1 
of  waves  (Fig.  68,  p.  112),  in  which  each  mvHe  is  one  of  a 
series  that  gradually  dies  away,  the  ^o)u^;en  light  con¬ 
sists  of  solitary  ripples,  each  of  n^kmore  than  one  or 


There  can  be  no  question  that  these  which  are  due  to  a  sort 

of  invisible  phosphorescence,  consi0&r  transverse  vibrations  of  a 
very  high  frequency  :  that  is^fch^are  ultra-violet  light  of  a  very 
high  order. 

1  It  has  long  been  kn/wuNfom  the  experiments  of  Fizeau,  that 
in  ordinary  light  each  miimT!onsists  on  the  average  of  at  least  50,000 
successive  vibrations*vl3r  it  is  possible  to  produce  interference  of 
light  between  tvmvyhts  of  a  beam  which  have  traversed  lengths 
differing  by  m^&vuian  50,000  wave-lengths.  Michelson  has  gone 
i  fS^yhumber.  See  the  footnote  on  p.  112. 

U 
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one  and  a  half  waves.  According  to  Stokes  the  Rontgen 
light  is  generated  at  the  antikathode  by  impact  of  the 
flying  negatively-electrified  molecules  (or  atoms)  which 
constitute  the  kathode  stream.  At  the  moment  when 
each  of  these  flying  molecules  strikes  against  the  target 
and  rebounds,  there  will  be  a  quiver  of  its  electric 
charge ;  in  other  words,  the  charge  on  the  molecule  will 
perform  an  oscillation.  Now  that  electric  oscillation 
will  be  executed  across  the  molecule  in  a  direction 
generally  normal  to  the  plane  of  the  target,  and  will  give 
rise  to  an  electro-magnetic  disturbance  which  will  be  pro¬ 
pagated  as  a  wave  in  all  directions,  except  where  stopped 
by  the  metal  of  the  target.  And  this  oscillation  being 
of  excessively  short  period,  and  dying 
out  after  about  one  or  two  (Fig.  157) 
complete  periods,  will  generate  a  wave, 
which,  though  of  a  frequenp^as  high  as, 
or  even  higher  than,  of  ordinary 

ultra-violet  light,  an^Qkerefore  capable 
of  producing  kin^Qeffects,  will  not  be 
capable  of  being  made  to  JtfQrfere,  nor  to  undergo 
regular  refraction  or  reflexion,  because  it  does  not 
consist  of  a  complete  tr^tyof  waves.  Here  is  a  model 
intended  roughly  to  il]0trate  the  theory.  An  iron  hoop 
(Fig.  158)  which  g^H/Jbe  thrown  or  swung  against  the 
wall  represents  JKt  lying  molecule.  The  electric  charge 
which  it  ca/ritp'is  typified  in  the  model  by  a  lump  of 
lead  cap^^e  of  sliding  on  a  transverse  wire,  and  held 
central^Wy  a  pair  of  spiral  springs.  When  this  model 
mqRmhe  is  caused  to  strike  against  the  wall  and  rebound, 
th^feaden  mass  is  disturbed,  and  executes  an  oscillation 


Fig.  157. 
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Fig.  158. 


to  and  fro  along  the  wire.  The  oscillation  dies  out  after 
about  ij  periods.  Now,  suppose  this  oscillation  to  set 
up  a  transverse  wave  in  surrounding 
space.  Though  it  consists  of  but 
1 2  ripples,  they  would  be  propagated 
outward  just  as  trains  of  waves  are. 

And  if  there  were  millions  of  such 
flying  molecules  in  operation,  these 
solitary  ripples  might  come  in  mil¬ 
lions  one  after  the  other,  but  not 
regularly  spaced  out  behind  one 
another  like  the  trains  of  waves 
constituting  ordinary  light.  This  is 
but  a  gross  and  rough  illustration  of  Stokes’s  hypo¬ 
thesis  ;  but  it  must  suffice  for  the  present. 

But  I  cannot  close  this  course  of  lectures  without 
one  word  as  to  the  possibilities  which  this  amazing^As- 
covery  of  the  Rontgen  light  has  opened  out  to  ssrehce. 
It  is  clear  that  there  are  more  things  in  heaven  and 
earth  than  are  sometimes  admitted  to  exi^LQVhere  are 
sounds  that  our  ears  have  never  heaj^jQuiere  is  light 
that  our  eyes  will  never  see.  And  yet  oLrhese  inaudible, 
invisible  things  discoveries  are  ma^jVrom  time  to  time 
by  the  patient  labours  of  the  ffi0^eers  in  science.  You 
have  seen  how  no  scientific  very  ever  stands  alone  : 
it  is  based  on  those  that  before.  Behind  Rontgen 
stands  Lenard ;  betfmlH  Lenard,  Crookes ;  behind 
Crookes  the  line  pf^cpforers  from  Boyle  and  Hauksbee 
and  Otto  von  ^hericke  downwards.  We  have  had 
Crookes’s  tu^^Sn  use  since  1878,  and  therefore  for 


nearly  twem^Cyears  Rontgen’s  rays  have  been  in  exist- 
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ence,  though  no  one,  until  Rontgen  observed  them  on 
8th  November  1895,  even  suspected1  their  presence 
or  surmised  their  qualities.  And  just  as  these  rays 
remained  for  twenty  years  undiscovered,  so  even  now 
there  exist,  beyond  doubt,  in  the  universe,  other  rays, 
other  vibrations,  of  which  we  have  as  yet  no  cognisance. 
Yet,  as  year  after  year  rolls  by,  one  discovery  leads  to 
another.  The  seemingly  useless  or  trivial  observation 
made  by  one  worker  leads  on  to  a  useful  observation  by 
another ;  and  so  science  advances,  “  creeping  on  from 
point  to  point.”  And  so  steadily  year  by  year  the  sum 
total  of  our  knowledge  increases,  and  our  ignorance  is 
rolled  a  little  further  and  further  back ;  and  where  now 
there  is  darkness,  there  will  be  light. 

1  It  is  but  fair  to  Professor  Eilhard  Wiedemann  to  mention  that 
in  August  1895  he  described  some  “discharge-rays^  (Entladungs- 
strahlen)  inside  a  vacuum  tube,  which,  though  photographically 
active,  refused  to  pass  through  fluor-spar.  2h:eJ  incapable  of 

being  deflected  by  a  magnet.  But  then  rties  differ  from 

Rontgen  rays  in  some  other  respects.  ~ 
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APPENDIX  TO  LECTURE  VI 

OTHER  KINDS  OF  INVISIBLE  LIGHT 

Upon  the  discovery  by  Rontgen  of  the  rays  that  bear  his 
name  it  was  natural  that  the  inquiry  should  be  raised  whether 
there  exist  any  other  rays  having  penetrative  properties  in 
any  degree  similar.  Lenard’s  rays,  discovered  in  1894,  to 
which  some  reference  is  made  on  p.  258  above,  have  the 
power  of  penetrating  thin  sheets  of  metal  and  of  producing 
photographic  action  as  well  as  of  discharging  electrified 
bodies.  But  they  differ  from  Rontgen’s  rays  in  their  pene¬ 
trative  power,  for  air  is  relatively  opaque  to  them.  «Also 
they  are  deflected  in  varying  degrees  by  the  t^agiJet. 
Wiedemann’s  “  discharge -rays,”  briefly  mention^C&above, 
are  further  described  on  p.  281.  -Ov 

No  other  source  than  that  of  the  exhausted 

vacuum  tube  under  electric  stimulation^h^jyet  been  dis¬ 
covered  for  Rontgen’s  rays.  Many  oe^oysmave  supposed 
Rontgen’s  rays  to  be  produced  by  J^ectric  sparks  in  the 
open  air,  simply  because  such  sparl&^vill  fog  photographic 
plates  and  cause  images  of  coir  iS®Hd  other  metal  objects  in 
contact  with  the  plates  to^J^ress  images  upon  them. 
These  images  are,  howeV^^due  to  direct  electric  action. 


They  are  not  produce 


;n  a  sheet  of  aluminium  is  so 


interposed  as  to  screelj^^T  all  direct  electrical  action. 

In  sunlight  th©r£do  not  appear  to  be  any  Rontgen  rays, 
nor  yet  in  the  ligjhjV>f  the  electric  arc  ;  for  neither  of  these 
sources  contam^any  rays  that  will  affect  a  photographic  plate 
that  is  prot&oeu  by  an  aluminium  sheet. 

.re,  however,  some  kinds  of  light  that,  like  Ront- 
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gen’s  rays,  will  pass  through  aluminium  or  through  black 
cardboard,  and  produce  photographic  effects.  These  are 
worthy  of  some  notice. 

Becquerel' s  Rays. — Early  in  1896  M.  Henri  Becquerel, 
as  mentioned  on  p.  272,  and  the  author  of  this  book  in¬ 
dependently,  made  the  observation  that  some  invisible  radia¬ 
tions  are  emitted  from  some  of  the  salts  of  the  metal 
uranium,  as,  for  example,  the  nitrate  of  uranyl  and  the 
fluoride  of  uranium  and  ammonium.  These  and  other  salts 
of  uranium,  whether  in  the  dark  or  in  the  light,  emit  a  sort 
of  invisible  light,  which  can  pass  through  aluminium  and 
produce  on  a  photographic  plate  shadows  of  interposed  metal 
objects.  This  effect  appears  to  be  due  to  an  invisible 
phosphorescence  of  a  persistent  sort.  Just  as  luminous 
paint  goes  on  emitting  visible  light  for  many  hours  after  it 
has  been  shone  upon,  so  these  substances  go  on  month 
after  month  emitting  an  invisible  light.  Hence  the  pheno¬ 
menon  is  known  as  one  of  hyper-phosphorescence.  It  is 
significant  to  note  that  ordinary  luminous  paint,  which  ceases 
after  a  few  days  to  emit  any  light  of  the  visible  kind,  will 
continue,  even  for  six  months,  to  emit  in  tte^darkness  an 
invisible  radiation  of  light  that  will  photographic 

plate. 


ecquerel  observed 
salts  of  that  metal 


Some  time  after  the  original  discovj 
that  metallic  uranium  far  surpass' 
in  the  power  of  hyper-phosphoi*e^fice. 

The  following  is  a  summWt^1  of  Becquerel’s  observa¬ 
tions  : — A  photographic  p iSfce  was  enclosed  in  a  double 
layer  of  black  paper,  overSrhich  was  placed  a  thin  crust  of 
the  transparent  crystal^w  the  double  sulphate  of  uranyl  and 
potassium.  After  ^evfe^l  hours  of  exposure  to  the  sun  the 
plate  was  found  jMfeve  been  affected.  It  was  also  affected 
when  a  sheefT  w  aluminium  was  interposed,  but  a  coin 
placed  betweW  the  crystals  and  the  plate  cast  a  photo¬ 
graphic  Sjfepow.  The  experiment  also  succeeds  if  a  sheet 
of  gla^i^mterposed.  This  double  sulphate,  when  examined 

paper  by  M.  Sagnac  in  Journal  de  Physique ,  May  1896, 
).  >93,  and  sundry  papers  by  M.  Becquerel  in  the  Cojnptes  Rendus. 
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in  the  phosphorescope,  is  found  to  phosphoresce  for  but 
y^-th  sec.  after  exposure  to  light.  Nevertheless  it  con¬ 
tinues  to  emit  photographically  active  rays  for  many  hours 
without  being  exposed  to  light.  The  persistence  of  these 
non-luminous  rays  is  incomparably  greater  than  that  of  the 
visible  luminescence.  The  invisible  rays  are  enfeebled  by 
passing  through  either  thin  glass  or  sheet  aluminium. 

Other  substances  were  tried.  M.  Charles  Henry  had 
found  sulphide  of  zinc,  and  M.  Niewenglowski  had  found 
sulphide  of  calcium  to  emit,  under  stimulus  of  Rontgen  rays, 
rays  that  traversed  opaque  bodies.  M.  Troost  found  hexa¬ 
gonal  blende,  previously  exposed  to  sunlight,  to  photograph 
through  cardboard.  M.  Becquerel  found  that  the  special 
kind  of  sulphide  of  calcium  which  luminesces  blue  or  green 
gave  at  first  a  strong  photographic  action  through  aluminium 
2  mm.  thick.  Later  the  same  substances  refused  to  work. 
Zinc  sulphide  (hexagonal  blende)  similarly  failed.  Becquerel 
was  unable  to  revivify  the  sulphides  of  calcium,  either  by 
warming  or  by  cooling  to  -  20°  C.  and  exposing  to  mag¬ 
nesium  light,  or  by  exposing  them  to  electric  sparks.4  In 
the  case  of  uranyl  salts,  neither  magnesium  lm^Naior 
Crookes  tube  radiation  (to  which  they  are  opaque  fragment 
their  emission  of  the  invisible  rays.  Dayli&ffvquickens 
them  a  little.  But  the  double  sulphate  ^Xuranyl  and 
potassium  is  quickened  by  exposure  to  th^jfc-light  or  to 
that  of  sparks  from  a  Leyden  jar.  UrifflY<itf  salts,  which  are 
not  phosphorescent,  work  as  strongly  as  uranic  salts. 
Crystals  of  uranium  nitrate  meltodyfcnd  crystallised  in  the 
dark,  or  dissolved,  and  whiclwnVnot  fluorescent  in  the 
ordinary  sense,  work  just  as  W£4s  crystals  that  have  been 
exposed  to  light. 

Becquerel’s  rays  pos^s,  like  ultra-violet  light  and  like 
Rontgen’s  rays  (thaflg&Jo  a  lesser  degree  by  reason  of 
their  lesser  intensity)^ e  property  of  diselectrifying  charged 
bodies.  Using  3^0ectroscope  designed  by  M.  Hurmuzescu, 
enclosed  in  he  placed  a  lamina  of  the  crystalline 

mass  of  suJpjihte  of  uranyl  and  potassium  against  an 
aluminiut^s^mdow  0*12  mm.  thick.  The  leaves,  which 
litial  divergence  of  180,  collapsed  in  2  hours  55 
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minutes.  They  collapsed  in  about  one-fourth  the  time  when 
the  lamina  was  placed  inside  under  the  leaves. 

These  rays  are  absorbed  by  air.  Water  is  transparent 
to  them.  Metallic  solutions  are  transparent,  as  also  are 
wax  and  paraffin.  Uranium  glass  and  red  glass  (thickness 
2  mm.)  are  fairly  opaque.  Native  sulphur  is  transparent ; 
calc-spar  not  very  transparent ;  quartz  is  more  opaque  than 
calc-spar.  Tin  is  more  opaque  than  aluminium  ;  and  cobalt 
glass  more  opaque  than  either.  These  rays  go  relatively 
more  easily  through  metals  than  do  Rontgen’s  rays.  Copper 
(o*i  mm.  thick)  is  very  transparent;  platinum  nearly  as 
much.  Silver  and  zinc  allow  these  rays  to  pass,  but  lead 
0*36  mm.  thick  is  opaque.  These  measurements  were  made 
electroscopically.  Quartz  5  mm.  thick  is  less  absorbent 
for  Becquerel’s  rays  than  for  Rontgen’s  rays.  Becquerel’s 
rays  will  discharge  an  electroscope  through  metal  screens, 
such  as  platinum  or  copper  1  -4  mm.  thick,  which  would 
arrest  Rontgen’s  rays.  Copper  and  aluminium  screens  are 
almost  equally  transparent.  Platinum  is  a  little  more 
absorbent.  The  absorption  of  metallic  screens  of  copper 
and  aluminium  together,  or  of  platinum  aluminium 
together,  is  less  than  the  sum  of  the  ah&S^tions  by  the 
same  screens  separately,  thus  proving  the  Becquerel 
rays  are  not  homogeneous. 

Becquerel  proved  reflexion  by  te^mg  on  a  dry-plate  a 
lamella  of  uranico-potassium  sfiwjJhe  half-covered  with  a 
polished  steel  plate,  face  ctoAiaj/ards.  The  covered  part 
was  more  strongly  affeGfc&i  after  an  exposure  of  55 
hours.  He  also  demonglrared  reflexion  by  using  a  hemi¬ 
spherical  tin  mirror.  R&afection  was  demonstrated  by  using 
a  thin  prism  of  qrqrpWglass,  near  the  refracting  edge  of 
which  was  placeSjNTiube,  1  mm.  in  diameter,  containing 
crystals  of  niferatfeJof  uranyl.  After  three  days’  exposure  he 
found  the  Wgbr  refracted  towards  the  base  of  the  prism. 
He  prove^ft^ese  rays  to  be  capable  of  polarisation,  since 
the  ph<  ‘aphic  shadow  through  two  plates  of  tourmaline 
wa^*d©hger  when  their  axes  were  crossed  than  when  they 
u^vVparallel. 

A  M  etallic  uranium  surpasses  all  other  materials  in  the 
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freedom  with  which  it  gives  off  these  rays.  It  continues  to 
emit  them  for  months  in  complete  darkness  ;  the  source 
whence  this  supply  of  energy  is  derived  being  at  present 
unknown. 

The  author  made  some  experiments  to  compare  the 
penetrating  power  of  uranium  rays  with  that  of  Rontgen’s 
rays.  Using  a  layer  of  uranium  nitrate,  he  found  carbon 
and  copal  to  be  as  opaque  as  rock  salt ;  whereas  with 
Rontgen’s  rays  those  substances  are  much  more  transparent 
than  rock  salt. 

There  appears  to  be  no  doubt  that  the  uranium  rays  are 
a  species  of  extreme  ultra-violet  light,  having  a  wave-length 
certainly  less  than  10  micro-centimetres,  and  a  frequency 
certainly  greater  than  3000  billions  per  second. 

Quite  recently  Dr.  W.  J.  Russell  has  found  a  similar 
action  to  be  produced  by  newly  cleaned  metallic  zinc,  and 
by  some  other  materials,  including  some  kinds  of  wood  and 
paper. 

Phosphorous  Light. — The  author  has  examined  the  pene¬ 
trative  effect  of  some  other  kinds  of  light.  The  pale  Jight 
emitted  by  phosphorus  when  oxidising  in  moi^Qnij  is 
accompanied  by  some  invisible  rays  which  will^^netrate 
through  black  paper  or  celluloid,  but  will  not  nfibr  through 
aluminium.  So  will  some  invisible  rays  thairsjte  emitted  by 
the  flame  of  bisulphide  of  carbon. 

Light  oj  Glow-worms  ci?id  Fir/fftS^ — Dr.  Dawson 
Turner  has  found  that  the  light  unrated  by  glow-worms 
contains  photographic  rays  whicJrrvSrill  pass  through  alu¬ 
minium.  sy 

In  Japan,  Dr.  Muraoka  h^e^xamined  the  rays  emitted 
by  a  firefly  (“  Johannis-kafq^W)  He  found  that  they  emitted 
rays  which,  after  filtratim^vmrough  card  or  through  copper 
plates,  would  act  photographically.  These  rays  can  be 
reflected,  and  probably  refracted  and  polarised.  He  used 
about  1000  shut  up  in  a  shallow  box  over  the 

•  -  [phic  plate. 

s  Rays. — Professor  E.  Wiedemann  in  1895 
s  rays  (named  by  him  Discharge -rays,  or 


EiitlqAuii'gsstrahlen)  which  are  produced  in  vacuum-tubes 
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by  the  influence  of  a  rapidly-alternating  electric  discharge. 
They  have  the  property  of  exciting  in  certain  chemically 
prepared  substances,  notably  in  calcium  sulphate  containing 
a  small  percentage  of  manganese  sulphate,  the  power  of 
thermo-luminescence.  In  other  words,  the  substance  after 
exposure  to  these  rays  will  emit  light  when  subsequently 
warmed.  They  are  emitted  at  lower  degrees  of  rarefaction 
than  are  necessary  for  producing  the  kathode  rays.  They 
are  emitted  from  all  parts  of  the  path  of  the  spark-discharge, 
but  more  strongly  near  the  kathode.  They  are  propagated 
in  straight  lines,  but  no  reflexion  of  them  by  solid  bodies 
has  yet  been  observed.  They  are  readily  absorbed  by 
certain  gases,  oxygen  and  carbonic  dioxide,  but  their 
production  is  promoted  by  hydrogen  and  nitrogen.  Those 
produced  in  hydrogen  are  partially  transmitted  by  quartz 
and  fluor-spar.  They  are  apparently  not  present  in  the 
glow  discharge.  In  vacuo  these  rays  are  produced  by  all 
parts  of  the  discharge.  Under  the  influence  of  electric 
oscillations  they  are  emitted,  even  in  some  cases  at  half  an 
atmosphere  of  pressure,  at  the  boundary  of  the  rarefied  gas 
and  the  glass  wall,  even  before  any  visible  ljgjJt  is  seen. 
No  deviation  of  them  by  the  magnet  has  yejxjeen  observ¬ 
able.  Those  produced  at  relatively  greatiprafsures  have  in 
general  the  power  of  penetrating  bodie^Cbccording  to  the 
inverse  ratio  of  their  densities. 

New  kinds  of  Kathode  Rays.-f^fiw  author  has  recently 
found  two  new  kinds  of  katliiQc]£  rays.  One  of  these, 
termed parakathodic  rays ,  is  pj^fauced  when  ordinary  kathode 
rays  strike  upon  an  anti-katlrade,  as  in  the  “  focus  ”  tubes. 
If  the  vacuum  is  low,^M^re  are  emitted  from  the  anti¬ 
kathode,  in  nearly  eg^^intensity  in  all  directions,  some 
rays  that  closely  reS^Jfme  ordinary  kathode  rays.  They  can 
be  deflected  eleeti^tatically  and  magnetically,  and  can  cast 
shadows  of  olij^s  on  the  glass  walls.  If  the  vacuum  is 

ion  of  Rontgen’s  rays,  some 
)roduced  at  the  same  time. 


fluoresce  over  an  obliquely 


No*egion  as  in  Fig.  142,  p.  265. 

ie  other  kind,  termed  diakathodic  rays ,  is  produced 
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by  directing  the  ordinary  kathode  rays  full  upon  a  piece  of 
wire-gauze,  or  upon  a  spiral  of  wire,  which  is  itself  negatively 
electrified.  The  ordinary  kathode  rays  refuse  to  pass  through 
the  meshes  of  the  gauze,  but  instead  there  passes  through 
a  beam  of  bluish  rays,  which  differ  from  kathode  rays  in  that 
they  are  not  directly  affected  by  a  magnet.  These  diakathodic 
rays  can  also  produce  fluorescence  of  the  glass  where  they 
meet  the  walls  of  the  tube,  and  can  cast  shadows  of  inter¬ 
vening  objects  ;  but  the  fluorescence  is  of  a  different  kind, 
for  ordinary  soda  glass  gives  a  dark  orange  fluorescence 
instead  of  its  usual  golden  green  tint.  This  orange  fluor¬ 
escence  when  examined  by  the  spectroscope  shows  the 
D-lines  characteristic  of  sodium. 

Goldstein's  Rays .  —  Herr  Goldstein  has  also  described 
some  rays  apparently  closely  akin  to  those  just  mentioned. 
If  a  perforated  disk  is  used  as  a  kathode  there  are  produced 
some  blue  rays  which  stream  back  behind  the  kathode 
opposite  the  apertures. 
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178 

Glow-worm  light  will  pass  through 
aluminium,  281 

Goethe,  his  theory  of  colours,  76 

Goldstein,  Dr.  Eugen,  on  rays 
behind  the  kathode,  283 

Granite,  in  polarised  light,  134 

Grating,  diffraction  produced  by, 
31 

Green  cannot  be  made  by  mixing 
pure  yellow  and  blue,  89 

Haidinger’s  briisl^e,  hi  footnote 

Hartnack’s  mo<$tfrait$)n  of  Nicol’s 
prism, 

Hauksbeey^%ptncis,  on  electric 
lunufltepty,  246 
Heat-^xiJibng  point, 


206 


Galitzine,  Prince,  on  alleged 
polarisation  of  Rontgen  ray^  ^ 

261  .  .  r\ 

Gases,  optical  and  dialectric  pftQjJ 
perties  of,  233 
glow  in  vacuum  tubes, 

Geissler’s  tubes,  247v 
Gems,  optical  projigraps  °f»  86, 
119,  120,  MjQjrb  178,  254 
Geometrical  opfccsj  methods  of,  55 
Germany,  researcn  in,  263 
Gifford,  J^O  his  photographs  by 
Roi^fch  rays,  270 
Glads^J;  Dr.  J.  Hall,  on  photo- 
^^$tphing  the  invisible,  168 
Gfc^s;  velocity  of  light  in,  35 


W' 

^tVrcflccted  to  focus,  206 
ows,  209 
lectrum,  162,  197 
^3LHeating  effect  of  waves,  162 
by  absorption  of  waves,  201 
Heaviside,  Oliver,  on  propagation 
of  energy,  233 
Hefner’s  standard  lamp,  20 
Helmholtz,  Hermann  von,  on 
anomalous  refraction,  I02 
on  electromagnetic  theory,  234 
Herschel,  Sir  J.  W.  F. ,  on  plane 
of  polarisation,  158 
Sir  William,  on  heat  spectrum, 
200 

Hertz,  Professor  Heinrich,  on  dis- 
electrification,  181 


INDEX 


289 


Hertz,  Professor  Heinrich,  dis¬ 
covery  of  electric  waves,  214 
on  oscillatory  sparks,  214 
his  oscillators,  215,  221 
on  reflexion  of  waves,  217, 
220 

effect  of  his  discoveries,  234 
waves,  model  illustrating  pro¬ 
pagation  of,  237 
on  transparency  of  metal  films 
to  kathode  rays,  258 
Hittorf,  Professor  W. ,  on  kathode 
phenomena,  252 

Hopkinson,  Professor  John,  on 
optical  and  electric  proper¬ 
ties,  233 

Horn,  optical  properties  of,  150 
Horne’s  luminescent  stuff,  178 
Huygens’s  principle  of  wave  pro¬ 
pagation,  9 
construction,  69 
Hyperphosphorescence,  278 


Ice,  apparent  radiation  of  cold 
by,  205 

optical  and  dielectric  properties 
of,  233 

Iceland  Spar,  120,  129,  174,  198 
Illumination  of  a  surface,  15 
Image  of  a  luminous  point,  22 
in  mirror,  position  of,  23 
Images,  formation  of,  28 
inverted,  30 

in  eye  are  inverted,  45,  47 
Incandescence,  the  process  of,  210 
Infra-red  waves,  192 
Interference  of  waves,  10 

of  light  produces  colours,  14 1 
Internal  reflexion,  39 
Inverse  squares,  law  of,  16 
Invisible  spectrum,  ukft\Q|olet 
part,  160  t 

infra-red  part,  192 
Invisible,  the  phott*fej>hy  of  the, 
168  aV 

Iodine  vapoyr^^mnalous  refrac¬ 
tion  o{\\^ 

Irrationally^*?  dispersion,  78 


Ives’s  method  of  registering  colour 
by  photography,  185 
photochromoscope,  187 


Jackson,  Professor  Herbert,  his 
focus  tube,  266 
Japanese  mirrors,  50 
Jelly,  vibrations  transmitted  by,  no 


Kaleidoscope,  principle  of,  33 
Kathode  rays,  253 
focusing  of,  256 
name  inappropriate,  258 
new  varieties  of,  266 
Kathode,  phenomena  at,  249 
shadows,  252,  254 

, ,  magnetic  deflexion  of, 
255.  257 

streams,  253,  256 
Kathodo-luminescence,  175 
Kearton,  J.  W. ,  his  magic  mirrors, 
S3 

Kelvin,  Lord,  theory  of  the  ether, 


234 

Kerr,  Dr.  John,  magneto  -upptic 
discoveries,  234  AA 
Kromskop,  187  * 

Kundt,  August,  on  an^jafous  re¬ 
fraction,  101, 


Lamp,  arc-, 


of  carbons 


in,  2o 

Hefne/s  ^^fcdard,  20 
morfocTh^matic,  82 
Lan#i^>  Professor  S.  P. ,  on 
ngest  waves,  190,  197 
f^s  bolometer,  197 
r  of  Fechner,  14  footnote 
Jof  inverse  squares,  16 
Le  Roux  on  anomalous  dispersion, 
100 

Lenard,  Professor  Philipp,  his 
researches,  258 

diselectrifying  effect  of  kathode 
rays,  259 

Length  of  wave  :  see  wave-length 
Lens,  crystalline, principle  of,  36,40 
of  eye,  44 
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Lens,  cylindrical,  49 
measurer,  59 

Light,  velocity  of,  2,  129,  156 
Lippmann,  Professor  Gabriel,  on 
photography  in  colour,  184 
Lodge,  Professor  Oliver  Joseph, 
his  oscillators,  222 
his  detector,  223 
his  apparatus  for  optical  study 
of  electric  waves,  224 
on  electric  oscillations,  234 
illustrations  of  Maxwell’s  theory, 
235 

London,  University  of,  contrasted 
with  that  of  Wurzburg,  262 
Longest  waves  of  infra-red,  190 
Luminescence,  174 
Luminescent  screen  in  ultra-violet 
light,  1 

used  by  Rontgen,  239,  241 
best  kind  of,  268 
Luminous  paint,  177 
Lummer,  Prof.  Otto,  his  photo¬ 
meter,  20  footnote 

MacCullagh’s  theory  of  light, 
i57 

views  as  to  direction  of  vibra¬ 
tions,  233 

Magenta,  absorption  spectrum  of, 
87,  104 

anomalous  refraction  of,  100, 
104 

Magneto-optic  discoveries,  230,  23( 
Maxwell,  Professor  James  Clerj 
on  colour-vision,  183 
predicted  electric  waves, 
electromagnetic  theory  fd^fc^ht, 
229 

on  Faraday’s 
theory,  231 
Mercurial  air-pfimjj^. 

phosphorus, 

Mica,  op&infijproperties  of,  137, 

146  (V 

Mic^c^^Ton  number  of  waves  in 


V0V 

era$remagnetic 

^47.  251 


Min,  1 12 

■s  limit  of  shortest  waves, 


191 


Mirage,  experiment  illustrating,  48 
Mirror,  magic,  reflexion  of  light 
by,  21 

of  Japan,  50 
English,  53 

Mirrors,  concave  and  convex,  24 
paraboloidal  for  reflecting  heat¬ 
waves,  206 

parabolic,  used  by  Hertz,  220 
Model  illustrating  Stokes’s  theory 
of  Rontgen  rays,  275 
illustrating  propagation  of  Hertz- 
wave,  237 

Models  of  wave -motions,  8,  109, 
115,  124,  130 

Molecular  bombardment,  253 
Monochromatic  lamp,  82 
Monoyer  on  definition  of  dioptrie, 
59 

Morton,  President  Henry,  his 
fluorescent  dyes,  171 
Mother-of-pearl,  colours  of,  79 
Moving  pictures,  97 
Muraoka,  Dr.,  on  fire -fly  light, 
281 

Muybridge,  on  4iJovements  of 
animals, 

New  kinds/e^4ftthode  rays,  282 
Newton’s^Vour-whirler,  34 
thejj^^r nature  of  white  light, 

table  of,  140 
*  explanation  of,  142 
Nichols,  Edward  Fox,  on  anomal¬ 
ous  refraction,  104 
and  Rubens,  on  longest  waves, 
197 

Nicol,  William,  his  polarising 
prism,  12 1 

prism,  modern  varieties  of,  121 
Nodal  points  in  reflected  waves, 
217 

Opacity  and  electric  conductivity , 
relation  between,  232,  234 
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Opacity  and  electric  conductivity, 
of  electric  conductors,  232 
Opacity  of  glass  to  invisible  light, 
166,  174,  198,  271 
of  metals  to  Rontgen  rays,  243 
Optical  circle,  for  demonstrating 
refraction,  38 
illusions,  92,  94,  96,  99 
rotator,  123 

Orders  of  Newton’s  tints,  139 
Ordinary  and  extraordinary  waves, 

125 

Orthochromatic  photography,  183 
Oscillating  sparks,  214,  218 
Oscillator,  Hertz’s,  215,  221 

Paint,  luminous,  177,  178 
heat-indicating,  208 
Parabolic  mirrors,  Hertz’s,  220 
Paraboloidal  mirrors  for  reflecting 
heat,  206 

Paraffin  oil,  fluorescence  of,  169 
Paschen’s  longest  waves,  190, 
197 

Pentadecylparatolylketone,  241 
Permanganate  of  potash,  absorp¬ 
tion  by,  88 

Perrin,  Jean,  on  refraction  of 
Rontgen  rays,  261 
Persistence  of  vision,  93,  97 
Petroleum,  fluorescence  of,  169 
Phase,  difference  of,  136 
Phenakite,  kathodo  -  luminescence 
of,  254 

Phosphorescence,  175 
Phosphorus,  luminescence  of,  176 
Canton’s  artificial,  177 
the  mercurial,  246 
nature  of  rays  omitted  by,  28( 
Photochemical  effects  of  light* 

166  a 

Photochromoscope,  187^"*  N"' 
Photoelectric  effects  of  flgM,  18 1, 
268,  279 

Photographic  wawes\fo2,  182 
spectrum, 

registrati^^Rontgen  shadows, 
245 


A 


Photography  of  the  invisible,  168 
in  natural  colours,  183,  184 
the  ‘  ‘  new,  ’ '  245 
Photo-luminescence,  175,  176 
Photometer,  14 

Thompson  and  Starling’s,  18 
Trotter’s,  18 

Brodhun  and  Lummer’s,  19 
footnote 

Bunsen’s,  19  footnote 
Joly’s,  19 

Pigments  darken  the  light,  83 
Pink  not  a  spectrum  colour,  87 
Plane- waves,  7 

Platinocyanides,  their  optical  pro¬ 
perties,  172 
Polarisation,  105 
plane  of,  158 

of  electric  waves,  225,  227 
of  Rontgen  rays,  attempts  at, 
261 

of  Becquerel’s  rays,  280 
Polariscope,  simple,  153 
Polarisers,  different  kinds  of,  113 
Positive  curvature,  definition  of, 
59 

lens,  definition  of,  59V\  ) 
Poynting,  Professor  on 

ripple-tanks,  6/V*' 
on  energy  pathsO§3 
Primary  colou^fcjmations,  86,  89, 
91,  18^-^ 
tints, 

Prisnu  ra^j/ting,  74 
dir<s$T  vision,  80 
F^uaault’s,  121 
Wfartnack’s,  12 1 
cCKicol’s,  121 
1  double-image,  125 
‘rismatic  spectrum,  74 
irrationality  of,  78 
Propagation  of  waves,  9 
of  light  in  glass,  35 
of  waves  longitudinally,  106 
of  waves  transversely,  107,  237 
Purple  not  a  spectrum  colour, 

87 

analysis  of,  87 
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Quarter-wave  plate,  148 
use  of,  123 footnote,  148 
Quartz,  anomalous  dispersion  of, 
104 

rotatory  optical  properties  of, 
154 

transparency  of,  to  ultra-violet 
light,  164 

lenses  and  prisms,  use  of,  164, 
170,  174 

tribo-luminescence  of,  18 1 
transparency  of,  to  heat-waves, 
198 

Quinine,  fluorescent  property  of, 
168,  171,  172 

Radiant  heat,  193 
matter,  253,  258 
Radiation,  193  footnote 
Radiometer,  Crookes’s,  199,  213 
Rainbow  due  to  refraction,  73 
artificial,  80 

Ray-filters  for  infra-red  light,  213 
for  ultra-violet  light,  164 
Rayleigh,  Lord,  on  shadows  of 
sounds,  5 

on  anomalous  refraction,  10 1 
Theory  of  Sound,  107 
on  electromagnetic  theory  of 
light,  233 

on  blue  of  the  sky,  233 
on  double-refraction,  233 
Rays,  non-existence  of,  12  footnote 
kathode,  use  of  term,  257 
Real  focus,  26 
Reflexion  by  plane  mirror,  21 
by  convex  mirror,  24 
by  concave  mirror,  26,  (pkf 
irregular  or  diffuse,  tty*? 
by  multiple  mirro!^^' 
of  heat-waves,^2^j209 
alleged,  of  Pfcntrhn  rays,  260 
Refraction  of  light;  35 
anomalduV^  00 
doubl^hpo 

Rontgen  rays,  261 
on  of  vibrations,  126 
fhtor,  Hertz’s,  216 


Retina  of  the  eye,  45 
fatigue  of,  93,  96,  99 
Righi,  Professor  Augusto,  his  os¬ 
cillators,  221 

his  apparatus  for  optical  study 
of  electric  waves,  225 
Ripples,  on  water,  6 

convergence  and  divergence  of, 
12 

Ripple-tank,  6 

Rock-salt  lenses  and  prisms,  use 
of,  194 

transparency  to  ultra-violet  light, 
166 

transparency  to  infra-red  light, 
198 

Rontgen,  Professor  Wilhelm  Kon¬ 
rad,  262 

account  of  his  discovery,  238 
his  form  of  tube,  260 
his  theory  of  the  rays,  273 
Rontgen  rays,  properties  of,  240 
penetrative  power  of,  243 
not  deflected  by  magnet,  260 
are  not  kathode  rays,  260 
are  not  ordina^A  ultra  -  violet 
light,  260  A  ) 
are  not  refl^Sre^,  260 
point  ofjfligm  of,  264 
curious^Grhral  emission  of,  265 
shn$kj^  of  bones  made  by,  269 
sjpwfcitions  as  to  nature  of,  273 
l^oxm^line,  absorption  spectrum  of, 
V^87,  104 

anomalous  refraction  of,  100, 
104 

Rotation  of  polarised  light  by 
quartz  and  sugar,  154 
in  magnetic  field,  230,  234 
by  reflexion  at  magnet  pole,  234 
Rotator,  optical,  123 
Rowland’s  ruling  machine,  77 
Rubens’s  and  Nichol’s  longest 
waves,  190 

Rubies,  real  and  sham,  133 
glow  in  kathode  stream,  254 
transparency  of,  to  Rontgen 
rays,  272 
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es,  bir  Geor^J  1 
discoveries/^^/  f 

169, 


Rumford,  Count,  on  radiation  of 
heat,  207 
Rupert’s  drops,  optical  properties 
of,  151 

Russell,  Dr.  W.  J..  on  new  kinds 
of  invisible  rays,  281 

Salicine,  optical  properties  of, 
135 

Schumann’s  limit  of  shortest  waves, 
191 

Selenite,  crystal  films  of,  133,  136, 
145,  148 

Sensitiveness  of  eye,  14 
Shadows,  light  penetrates  into,  4, 
12 

of  sounds,  4 
of  heat,  209 

cast  by  Rontgen  rays,  242 
kathodic,  in  Crookes’s  tubes,  255 
Shortest  waves  in  ultra-violet,  19 1 
Silk,  shot,  reflexion  by,  31 
Smoothness,  optical  definition  of, 
21 

Soap-bubbles,  colours  of,  138 
Sound-waves,  size  of,  3 
Spar,  calc :  see  spar,  Iceland 
Spar,  Iceland,  120,  129,  174 
Spectrum  analysis,  vii,  87 
of  colours,  74 

produced  by  prism,  75,  100 
produced  by  diffraction-grating, 
77 

visible  part  of,  161 
invisible  parts  of,  16 1 
the  photographic,  166 
the  long,  173 

Speed  of  light :  see  Velocity 
Spherometer,  58  — 

Sprengel’s  vacuum-pump,  25^^ 
Crookes’s  improvements  ut^o^o 
Standard  candle,  14,  2c/^  V/ 
lamp,  20 

Stationary  waves,  \QQ0fi7 
Stokes,  Sir  Geong^^Sfabriel,  his 
fluorescence, 


observed  by,  191 


Stokes,  Sir  George  Gabriel,  his 
theory  of  Rontgen  rays, 
273 

Strain  in  imperfectly  annealed 
glass,  15 1 

in  compressed  glass,  152 
Strobic  circles,  96 
Subjective  colours,  92 
Sugar,  luminescence  of,  108 
rotatory  properties  of,  155 
Supplementary  tints,  149 

Talbot  on  anomalous  refraction, 
100 

Temperature  in  relation  to  emis¬ 
sion  of  light,  174,  2ii 
Tints  of  spectrum,  72 

complementary,  91,  93,  111, 

136,  149 

Newton’s,  137,  142 
supplementary,  149 
Thaumatrope,  94 
Thermo-luminescence,  175,  180 
Thermometer,  to  explore  infra-red 
spectrum,  193,  200 
air,  experiment  with,  2021 
Thermopile,  use  of,  194.  ^^03, 
207,  212 

Thomson,  Professor^^c/ph  John, 
on  ratio  of  unrf\233 
Three  -  colour.  i/5yfc)d  of  photo- 
graphy, 

Total  intan^^^flexion,  39 
Tourmaline) optical  properties  of, 
iSta.  120 

and  conductivity  of,  234 
LinTof  waves,  112,  219,  222,  273 
isition-tint,  139 
ransparency  of  flesh,  leather,  and 
paper,  243 
Transverse  waves,  108 
Tribo-luminescence,  175,  180 
Trichromic  theory  of  colour- vision, 

183 

Turner,  Dr.  Dawson,  on  glow¬ 
worm  light,  281 

Tyndall,  Professor  John,  his  use 
of  colour  disks,  92 
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Tyndall,  Professor  John,  experi¬ 
ments  on  reflexion  of  heat¬ 
waves,  209 
on  sound,  107 
lectures  on  light,  171 
his  wave-filter  for  infra-red,  213 


Wave-length  of  electric  waves* 
214 

theory  of  light,  230 
Waves,  travelling  of,  7,  106,  236 
propagation  of,  9,  106,  157* 
233 


Ultra-violet  light,  160,  162 
chemical  effects  of,  167 
reflexion,  etc.,  of,  174 
light,  diselectrification  by,  18 1 

Universities  of  London  and  Wurz¬ 
burg,  262 

Uranium  glass,  fluorescence  of,  169 
nitrate,  tribo-luminescence  of, 
180 

Uranium,  great  density  and  opacity 
of,  244 
rays,  278 

Vacuum  -  Pump,  the  mercurial, 
247,  251 

Velocity  of  light  in  air,  2,  33 
in  water,  33’ 
in  glass,  33 
of  heat-waves,  212 
of  propagation  of  electric  dis¬ 
turbances,  232 
constant,  definition  of,  60 

Virtual  focus,  26,  27 


trains  of,  112,  219,  222,  273 
Weber,  Professor  Wilhelm,  on 
ratio  of  electric  units,  232 
Webster,  Rt.  Hon.  Sir  Richard* 
his  hand;  270 

Wheatstone,  Sir  Charles,  on 
velocity  of  electric  disturb¬ 
ances,  232 
Wheel  of  life,  97 
White  light,  analysed,  79,  149 
synthesis  of,  83,  84,  90 
Whiteness,  no  standard  of,  known, 
211 

Wiedemann,  Professor  Eilhard,  on 
luminescence,  174,  180 
his  “discharge-rays,”  276,  281 
Winkelmann,  Professor  A.,  on  re¬ 
fraction  of  Rontgen  rays,  261 
footnote 

Wurzburg,  Univeifcity  of,  263 


X-LUMINESq 
X-rays  : 


175,  260 
(Jntgen  rays 


Wave-length,  4,  7,  72 
motion  models,  8,  124,  236 
front,  motion  of,  9 
table  of,  72,  190 
filters  for  infra-red  waves,  2 


YEL^qftNNiot  a  primary  colour- 
fation,  89 

Dr.  Thomas,  on  colour- 
>ensation,  183 

Zoetrope,  97 
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